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Anthracyclines belong to a class of cytostatic compounds that are commonly used to treat 
various types of cancers, including lymphoma, breast cancer and primary liver cancer. The 
aim of this thesis was to study how two anthracyclines, doxorubicin and idarubicin, induced 
cytotoxicity in tumor cells, as well as their off-target effect on the gastrointestinal system. In 
Paper I, we exposed four different cancer cell lines to various concentrations of doxorubicin 
in two different formulations, and measured the cell viability and how much doxorubicin was 
taken up by the cells. We found that the cell lines differed in their uptake and sensitivity, and 
that the most resistant cell line had an intracellular exposure of doxorubicin that was about 100 
times lower when compared to the more sensitive cell lines. To study the off-target 
gastrointestinal toxicity, we dosed rats with doxorubicin and studied how chemotherapy-
induced mucositis developed during seven days in Paper II. The main effect parameter 
was intestinal villus atrophy, which was most severe after three days. This was preceded 
by an increased cell death and decreased proliferation in the crypts, which occurred 
within the first day after doxorubicin exposure. To study how different cytostatic drugs 
affected chemotherapy-induced mucositis, and to what extent they caused diarrhea, rats were 
dosed with one of six different chemotherapies, including doxorubicin and idarubicin, in Paper 
III. All selected chemotherapies caused similar villus atrophy three days after dosing, but 
only a third, including idarubicin, caused clear diarrhea. In paper IV the objective was to 
treat or prevent idarubicin-induced mucositis and diarrhea, by using the anti-inflammatory 
drugs anakinra and/or dexamethasone. Anakinra alone stopped the diarrhea, while the 
combination of anakinra and dexamethasone prevented villus atrophy. These positive effects 
encourage further investigations into the use of anakinra and dexamethasone as supportive 
therapies for chemotherapy-induced mucositis and diarrhea.

The overall long-term impact of the different studies in this thesis is to increase the specific 
anti-tumoral effect of chemotherapies, while also alleviating the adverse effects. This would 
improve quality-of-life and treatment outcomes of cancer patients.
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I think the problem, to be quite honest with you, is that you’ve never 
 actually known what the question is 

Douglas Adams
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Abbreviations 

5-FU 5-fluorouracil  
ANA anakinra 
CID chemotherapy-induced diarrhea 
CIM chemotherapy-induced mucositis 
CL blood-to-lumen clearance  
cpm counts per minute 
DAB 3, 3'-diaminobenzidine 
DEX dexamethasone 
DOX doxorubicin 
DOXol doxorubicinol 
DOXPL pegylated liposomal doxorubicin 
DOXS doxorubicin in a solution in Paper I 
GI  gastrointestinal 
HCC hepatocellular carcinoma 
IC50 inhibitory concentration  
ICC intracellular concentration 
ICUR intracellular uptake ratio 
IDA idarubicin 
IHC immunohistochemistry 
IL interleukin 
IP intraperitoneal 
IRI irinotecan  
IV intravenous 
MET methotrexate 
MS mass spectrometry 
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells  
OD once daily 
PBPK  physiologically based pharmacokinetic 
SC subcutaneous 
SPIP single-pass intestinal perfusion 
TACE transarterial chemoembolization 
TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling  
TNF-α tumor necrosis factor α 
UPLC ultra-high performance liquid chromatography 
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Introduction 

Cancer 
Cancer is a major cause of death and global incidence was estimated as 19 
million cases in 2020 [1]. These numbers are expected to increase as mortality 
rates from stroke and cardiovascular disease decrease, while certain risk-fac-
tors for cancer – such as obesity – are increasing [2]. In 2040, the number of 
global cases is expected to have increased by at least 60% according to the 
latest figures from the World Health Organization [3]. 

Cancer can be defined as a neoplastic malignancy that can occur in any 
tissue [3]. While there are more than 100 types of cancer, they can all be char-
acterized by their common traits, as in the seminal article entitled “Hallmarks 
of Cancer” by Hanahan and Weinberg in 2000 [4]. In their article, they define 
six common traits that are shared by all types of cancer cells: Their ability to 
(i) be self-sufficient in growth signals; (ii) avoid anti-growth signaling; (iii) 
have a limitless reproductive potential; (iv) invade other tissues and metasta-
size; (v) induce sustained angiogenesis and to (vi) evade apoptosis (Fig. 1). 
By combining these traits, together with the eight additional hallmarks and 
enabling characteristics added in later updates to the Hallmarks series [5, 6], 
cancer cells have the ability to grow and adapt the environment around them.  

 
Figure 1. Illustration of the six Hallmarks of Cancer. Created with BioRender.com. 
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One of the most common and deadly types of cancer worldwide is hepatocel-
lular carcinoma (HCC) [7]. It is a primary malignancy of the liver that occurs 
predominantly in patients with underlying chronic liver disease and cirrhosis, 
as illustrated in Figure 2 [8]. This underlying liver disease is not just a passive 
bystander in the disease, but actively creates an environment that supports tu-
mor growth. More than one million patients are predicted to die annually from 
primary liver cancer in 2030, whereof approximately 80% from HCC and as 
current treatment options are limited, this generates a severe global health care 
problem [9]. Historically, the etiology of HCC has mainly been a result of 
hepatitis B and/or C virus infections, aflatoxin exposure and/or extensive al-
cohol abuse. More recently, vaccination programs for hepatitis B and broad 
clinical use of direct-acting antiviral drugs against hepatitis C have affected 
the etiologic landscape of HCC, yet major geographical differences still occur. 
Despite these advances in treating the underlying liver disease, there is an in-
creasing proportion of HCC-patients in Europe and especially USA, where it 
is the cancer type with the highest growing incidence rate [8, 10]. This can be 
explained by increased prevalence of additional risk factors such as obesity, 
type 2 diabetes, metabolic syndrome, nonalcoholic fatty liver disease and/or 
nonalcoholic steatohepatitis [8, 9].  

 
Figure 2. The three major stages in the development of hepatocellular carcinoma, 
which normally occurs in the background of chronic liver damage and cirrhosis. The 
figure was adapted from [11] 

Cancer cell lines 
Since HeLa, the first cancer cell line, was established in 1951 [12], cancer cell 
lines have become one of the most important tools in cancer research. Their 
convenience and reliability, combined with the variety of cell lines available, 
has made them a powerful tool for in vitro studies [13]. While these cancer 
cell lines are useful in part because of their homogeneity, this means they lack 
the heterogeneity present in primary tumors clinically [14]. As such, it has 
become a standard practice to use several different cell lines, to capture the 
heterogeneity seen in vivo and in the clinic. In this thesis, we have used the 
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SNU449, HepG2, Huh7 and MCF7 cell lines. The cell line SNU449 was de-
rived from a 52-year-old Korean male with intermediate HCC. It was selected 
as it is one of the most drug-resistant commercially available liver cancer cell 
lines, which is not genetically engineered to be chemo-resistant [15]. HepG2 
is one of the most widely used human hepatoblastoma cell lines. It was derived 
from liver biopsies of a 15-year-old Argentinian male with a differentiated 
hepatocellular carcinoma [16]. The cells are non-tumorigenic and highly pro-
liferative with a distinct sensitivity to cytotoxic compounds [16]. The cell line 
Huh7 was established from a well differentiated HCC tumor in a 57-year-old 
Japanese male [17]. This cell line has tumorigenic cells and is often used as 
an in vitro model to investigate hepatoma and hepatitis C virus, as it is highly 
susceptible to that disease [18]. A breast cancer cell line, MCF7, was also in-
cluded as a reference to represent the current clinical usage of the nanosized 
liposomal formulation of DOX (Doxil®), which is treatment of breast cancer 
in Europe and Canada. MCF7 was derived from a 69-year-old American fe-
male with a metastatic breast cancer, and is the most commonly used breast 
cancer cell line [19]. 

Anthracyclines 
Anthracyclines belong to a group of cancer drugs extensively used for treat-
ment of various cancer types, including lymphoma, breast cancer and primary 
liver cancer [20]. The first anthracycline to be discovered was daunorubicin, 
a naturally occurring compound that was initially isolated in the 1960’s from 
the soil bacteria Streptomyces peucetius found close to Castel del Monte, a 
castle in southern Italy [21]. Daunorubicin was initially discovered to be an 
antibiotic compound, but later it was determined to be highly cytotoxic and 
thus useful as a cancer treatment [22]. Based on this discovery and develop-
ment, several derivatives of daunorubicin were developed, including doxoru-
bicin (DOX) and later idarubicin (IDA), see Table 1 [21]. Especially DOX, 
known colloquially as “the red devil” due to its distinct red color and toxicity 
[23], has become one of the most important chemotherapeutics used today in 
cancer therapy [22].  

Mechanisms of Action 
Two different mechanisms-of-action have been described for anthracyclines, 
both of them known to activate apoptotic pathways, and other types of pro-
gramed cell death. The first mechanism of action is through intercalation into 
nucleus DNA, which inhibits biosynthesis of macromolecules as well as in-
hibiting topoisomerase II’s interaction with DNA. The second mechanism of 
action includes the intracellular generation of reactive oxygen species [24, 25]. 
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The main metabolites of DOX and IDA are doxorubicinol (DOXol) and ida-
rubicinol (IDAol), respectively. They are both pharmacologically active 
through the same mechanism(s), and are enzymatically formed intracellularly 
by carbonyl reductases and/or aldo-keto reductases [26, 27].  

Table 1. Physiochemical properties of doxorubicin and idarubicin [28]. 

 Doxorubicin Idarubicin 
Molecular structure  

 
 

 

 

Molecular mass (g/mol) 543.5 497.5 
Polar surface area (Å) 177 206 
Water solubility (mg/ml)  1.18 0.77 
LogP 0.92 1.9 

Chemotherapy-induced intestinal mucositis 
Although chemotherapy is generally associated with extensive anti-tumor ef-
fects, there are serious off-target toxicities that can severely impact the pa-
tient’s quality of life. When patients are treated with chemotherapeutics, it 
affects not only the rapidly proliferating cancer cells, but also other prolifer-
ating cell populations in the healthy (non-tumoral) tissues [22]. The intestinal 
mucosa is especially susceptible to chemotherapy´s off-target effects. Gastro-
intestinal (GI) toxicity, such as chemotherapy-induced intestinal mucositis 
(CIM) and diarrhea, affect over 80% of patients in certain chemotherapy reg-
imens [29-32]. The frequency of CIM is dependent on many factors, such as 
the immunological status of the patient, dosing schedule, and the type of 
drug(s) [33]. As these side-effects severely impact the quality-of-life of pa-
tients, they can often lead to reduction or even termination of chemotherapeu-
tic treatment regimens, thus potentially decreasing patient survival. In addi-
tion, management of these side-effects often includes a complex multidisci-
plinary approach that contributes to substantial health care costs. 

Despite substantial improvements in cancer therapy, CIM remains a signif-
icant and common clinical challenge for many cancer patients [34]. Conse-
quently, there is a strong need to improve the mechanistic understanding and 
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to develop novel effective strategies for prevention and/or supportive treat-
ment of CIM, especially for use outside hospital settings. 

Mechanisms and models 
Sonis et al. proposed a model for oral mucositis in 2015, which has been con-
sidered to be relevant for intestinal CIM [32]. This model is schematically 
illustrated in Figure 3 and further described below. 

 
Figure 3. The timeline and pathology of anthracyclines-induced intestinal mucositis 
in rats. It is primarily related to the effect of anthracyclines on stem cells in the pro-
liferation zone of the crypts. DNA damage to stem cells causes apoptosis and initiates 
inflammation mediators, such as NF-κB. This may lead to further injury, inflamma-
tion, ulceration, villus and crypt atrophy as well as the interstitial infiltration of lu-
minal bacteria. After approximately 1 week the histology and function of the intestine 
is restored in rats (2 weeks in humans) after a single dose of a cancer drug. The sche-
matic process shown above also includes six different cell types of the small intestines, 
the villi protrusions present in the small intestine, and the lymphatic, venous and ar-
terial vessels. This figure was adapted from [35] 

Chemotherapy-induced mucositis is initiated by damage to proliferative cells 
in the crypts of the intestinal epithelium. The combination of direct DNA in-
jury and generation of reactive oxygen species causes damage to the intestinal 
epithelium, which will mainly affect the cells in the crypts, as they are in an 
almost constant proliferative state. This is followed by a primary damage re-
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sponse characterized by activation of pro-apoptotic and pro-inflammatory sig-
naling pathways that jointly contribute to intestinal stem cell death [36]. These 
pathways are then amplified, as strong feedback loops reinforce the effects in 
a complicated biochemical interplay. For instance, the activation of nuclear 
factor kappa-light-chain-enhancer of activated B cells (NF-κB) increases re-
lease of interleukins 1 and 6 (IL-1 and IL-6), which are both inducers of NF-
κB, thus creating a vicious circle [37, 38]. When chemotherapeutic com-
pounds impair the continuous regeneration of the small intestinal epithelium, 
the normal shedding of apoptotic cells that usually occurs at the villus tip will 
not be adequately compensated by cellular renewal along the villus axis. This 
will lead to a reduction in villus length and a reduction in total intestinal sur-
face area, which in turn compromises fluid and nutrient absorption, as well as 
enabling bacterial translocation in patients. The gut microbiota and the immu-
nological role of the intestinal mucosa can both intensify and accelerate this 
process [39]. The final stage in the proposed model displayed in Figure 3 is 
the healing phase, where an increase in epithelial proliferation, differentiation 
and maturation is observed, leading to a regrowth of small intestinal villus 
length, while the activated inflammatory pathways return to baseline [32].  

In vivo animal models with intact biochemical feedback mechanisms are 
considered to play a key role to investigate these highly regulated complex 
processes and conditions that contribute to these off-target effects, such as 
CIM [36]. While there are limitations regarding the translational value of data 
gained from rat CIM studies, especially concerning aspects of CIM based on 
tumor interactions, a significant amount of improved knowledge as well as 
new therapeutic interventions have resulted from research in rat models [40]. 
For instance, palifermin, probiotics, laser therapy and amifostine are interven-
tions based on research in rats, all of which are part of treatment guidelines 
for CIM [40, 41]. 

Diarrhea 
One of the more noticeable and severe symptoms of chemotherapy-induced 
gut toxicity is the occurrence of diarrhea [42]. Clinically, diarrhea is com-
monly diagnosed based on the Bristol Stool Scale, which is a graded visual 
scale of stool density, used as a proxy for GI transit time [43]. Chemotherapy-
induced diarrhea (CID) can severely reduce the quality of life for patients, thus 
requiring a dose reduction which lowers the success rate for the cancer treat-
ment [44]. Typical symptoms of CID include higher water content in feces, 
increased frequency and/or urgency of bowel movements, and incontinence, 
with or without pain [45, 46]. Furthermore, management of these patients is 
often associated with substantial health care costs and in more severe cases, 
the occurrence of diarrhea can be fatal, especially in this patient-group [44].  

Chemotherapy-induced diarrhea is usually caused by an altering of GI in-
tegrity, motility and normal secretory functions, and possibly indirectly, by 
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affecting the gut microbiota. It typically occurs within days from onset of 
treatment and tapers off after a few days or weeks [47].  

The current treatment strategy of CID includes the use of intravenous (IV) 
fluids and electrolytes to substitute for hypovolemia and the use of drugs that 
decrease intestinal motility, often in combination [48]. Despite these support-
ive treatments, CID remains difficult to prevent and treat. It occurs mainly 
with certain chemotherapeutics, such as 5-florouracil and irinotecan, yet the 
reasons behind this remain largely unknown [47, 49]. As such, more research 
is needed to improve the understanding, both by investigating the underlying 
mechanisms of CID, as well as developing more tools for improved supportive 
care. 

Potential treatment strategies of CIM and diarrhea 
In the development of CIM, part of the damage to the intestinal tissue is not 
directly caused by the induction of cell death by the cytostatic agent. Rather, 
it is caused by the inflammatory response that is initiated as a consequence of 
the chemotherapeutic induction of local epithelial cell death [50]. As such, a 
possible way of limiting CIM is to affect these inflammatory signal cascades, 
thereby reducing local tissue damage. Among the more common of these sig-
naling substances are NF-κB, IL-1, IL-6, and tumor necrosis factor alpha 
(TNF-α), [36, 51].  

To target these signaling substances it is plausible to use drugs that directly 
inhibit the expression of these signaling substances, and/or use drugs that tar-
get their receptors, such as one of the IL receptors. Of the former group of 
drugs, glucocorticoids such as dexamethasone show some promising results 
as a potential treatment for CIM. Dexamethasone has pleiotropic anti-inflam-
matory effects, including suppressing gene transcription of NF-κB, and de-
creasing cytokine release by macrophages, the leucocytes responsible for IL-
1, IL-6 and TNF-α production [52, 53]. As such, dexamethasone demonstrated 
promising results as a potential treatment for CIM, which depends on these 
signaling cascades [54]. An alternative strategy is to apply drugs that are in-
hibiting the receptors of the inflammatory signal substances directly. For in-
stance, the IL-1 receptor antagonist anakinra, which is more commonly used 
for auto-inflammatory diseases such as rheumatoid arthritis [55]. This anti-
inflammatory drug has been used previously in in vivo studies, where it 
showed promising results in decreasing CIM in both rats and mice [56, 57], as 
well as in a recent clinical trial in cancer patients, where CIM caused by high-
dose melphalan (200 mg/m2) was successfully treated by anakinra (100–300 
mg/day via IV for 15 days) [58].  

While these two anti-inflammatory drugs have been investigated sepa-
rately, their combination has never been examined in any in vivo preclinical 
CIM model. 
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Aims  

The studies in this thesis aimed to increase the understanding of how two com-
monly used anthracyclines, doxorubicin (DOX) and idarubicin (IDA), in-
duced cytotoxicity in different tumor cells, as well as their off-target gastroin-
testinal (GI) toxicity, which may result in chemotherapy-induced mucositis 
(CIM). 

The long-term goal was firstly to improve knowledge of the specific anti-
tumoral effect of chemotherapeutics, while also alleviating off-target effects 
on the GI tract, thus improving overall treatment outcome and quality-of-life 
for cancer patients. Secondly, the in vivo studies were used to establish and 
validate a rat CIM model as an experimental tool for the translational devel-
opment of future supportive therapies for CIM patients.  

In Paper I, the objective was to gain insight in the anti-tumoral potency 
and cellular uptake of DOX when exposed as a solution or as a nanosized 
liposomal formulation in different cancer cell lines in vitro. Cell lines were 
exposed to a range of DOX-concentrations in solution or as a liposomal for-
mulation using different exposure times, after which intracellular accumula-
tion of DOX and its main active metabolite were quantified and compared in 
parallel to the in vitro anti-tumor effect. 

In Paper II, the objective was to determine the effect of DOX on the initi-
ation and progress of CIM by monitoring morphological, cellular, and func-
tional changes of the jejunal mucosa in a physiologically relevant in vivo rat 
model.  

In Paper III, the objective was to evaluate the effects of different chemo-
therapeutics on diarrhea, jejunal villus atrophy and body weight loss, as well 
as the relationship between villus height reduction and diarrhea in an in vivo 
rat model for CIM.  

In Paper IV, the objective was to investigate how IDA-induced mucositis 
and diarrhea could be alleviated using two anti-inflammatory drugs, anakinra 
and dexamethasone, in an in vivo rat model. The assessment of effect was done 
by monitoring morphological, cellular, and functional jejunal changes, as well 
as diarrhea.  
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Experimental methods 

In vitro studies 
In order to study the toxicity and intracellular uptake of DOX, four cancer cell 
lines were used in Paper I. To mimic the natural heterogeneity of primary 
tumors, a panel of two HCC cell lines (Huh7 and SNU449), one hepatoblas-
toma cell line (HepG2) and one breast cancer cell line (MCF7) were selected 
for this study.  

Inhibitory concentration (IC50) 
Cell viability was determined and evaluated in the four different cell lines fol-
lowing drug treatment for 24, 48 or 72 h by a resazurin reduction assay, as 
earlier described [59]. Cell viability (V) was defined as the percentage of flu-
orescence value of treated cells compared to fluorescence value of untreated 
cells, according to Equation (1) [15]: 𝑉 = 𝐼  – 𝐼 ̅𝐼 ̅ – 𝐼 ̅  (1) 

where 𝐼  is the measured fluorescence, 𝐼 ̅  is the average fluorescence of 
blank wells containing only the cell media and 𝐼 ̅  is the average of control 
wells containing cells in cell media with resazurin. 

To accurately calculate viability values and the IC50 values, Equation (2), 
referred to as a four-parameter logistic model equation, was fitted to the ex-
perimental data: 𝑉 𝑥 = Δ𝑉1 + 𝑥𝑥 + 𝑉  (2) 

where x is the concentration of DOX, ΔV the viability at no DOX exposure, 
i.e., corresponding to 100% viability, x50 the concentration of 50% viability, 
and γ a parameter connected to the slope of the sigmoidal characteristic of the 
logistic equation. In the fitting, 𝑉  is the viability at infinite concentration of 
DOX and was assumed to be equal to zero and consequently not fitted. 

In principle, fitting of Equation (2) also gives x50. However, the estimation 
of x50 using only Equation (2) was found to be highly dependent on viability 
values far from x50. 
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The value of x50 was instead estimated as the linear interpolation between 
the x values corresponding to the V value closest above (VH) and closest below 
(VL) the V50 = ΔV/2 value, i.e., half of the 100% viability value: 𝑥 = 𝑉 − 𝑉 𝑥 − 𝑥𝑉 − 𝑉 + 𝑥  (3) 

In any experiment in which the cell viability did not reach less than V50, deter-
mination of x50 could not be performed, and it was therefore excluded from 
the analysis. If more than one such experiment was detected for any replicate 
of a specific treatment condition, the entire treatment condition was excluded 
from further statistical study. The average and standard deviation of the x50 
values of the different replicate experiments were calculated, and these values 
are here called IC50. 

Intracellular concentration and uptake 
The cells were treated with concentrations of DOXS or DOXPL corresponding 
to their calculated IC50 values, which were based on the pooled results of the 
cell viability assays performed in Paper I. The maximum concentration of 
DOX applied for these experiments was chosen to be 200 µM and cells were 
treated for 24, 48 and 72 h, respectively. An UPLC I-Class system coupled to 
a single-quadrupole QDa mass detector was then used to quantify intracellular 
concentrations of both DOX and its main metabolite DOXol. For both DOX 
and DOXol, the lowest limit of quantification in matrix was 50 nM, which 
corresponds to the lowest point in the linear calibration curves.  

For characterization of intracellular DOX and DOXol exposure there were 
two calculated parameters; cellular uptake ratio (ICUR) and intracellular con-
centration (ICC). These parameters were calculated with Equations (4) and (5) 
and are based on the UPLC-MS quantified concentration in the cell lysates. 

Equation (4) is based on two main assumptions. Firstly, ICC is an average 
intracellular concentration that includes the higher concentration that is ex-
pected for the cell nucleus and mitochondria [24]. Secondly, it assumes that 
all cells are homogenous spheres with a diameter measured using a cell coun-
ter: 𝐼𝐶 = 𝐶 ∙ 𝑣𝑛 ∙ 𝑣  (4)

 

 

Where 𝐶  is the lysate concentration in µM, 𝑣  is the lysate solution 
volume, 𝑛  the number of cells, and 𝑣  the volume per cell. 

The cellular uptake ratio (ICUR) was calculated according to Equation (5). 
This is an estimation of the fraction of DOX that was transported into the cell 
from the surrounding media irrespective of the concentration or formulation 
applied. This parameter corresponds to the cellular availability of the study 
drug and is as such a dimensionless parameter. In this parameter, the ICC for 
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both DOX and its main metabolite DOXol was included, as DOX is metabo-
lized to DOXol intracellularly.  𝐼𝐶 = 𝐼𝐶 _ + 𝐼𝐶 _𝐸  (5)

where EConc is the exposure concentration, ICC_DOX is the intracellular concen-
tration of DOX and ICC_DOXol is the intracellular concentration of DOXol. 

Physiologically based pharmacokinetic modeling 
Clinical evaluation of the in vitro experimental results was performed apply-
ing a physiologically based modeling approach. A physiologically based phar-
macokinetic (PBPK) model developed by Hanke et al. in 2018 was adopted to 
describe the disposition of DOX [60].  

A model to describe the disposition of DOXPL was developed using the 
PBPK model structure for proteins and large molecules in PK-Sim [61]. 
Model development was initiated by establishment of DOXPL distribution, 
where the overall distribution was described by the size of the liposome (40 
nm radius). The distribution was based on reported information on initial lip-
osomal distribution to plasma, liver, kidney, spleen and lung [62]. DOXPL 
elimination, i.e., release of DOX, and further optimization of the distribution 
(fat, muscles, bone, heart, skin, intestines, pancreas) was subsequently esti-
mated. The release of DOX was described under the assumption that this pro-
cess predominately occurs by unspecific spontaneous disintegration of lipo-
somes. This is supported by comparable systemic disappearance of DOXPL 
and unloaded liposomes [62, 63].  

A new parameter, cellular exposure concentration, was established as a 
combination of the interstitial and intracellular concentration for liver cells. 
This parameter symbolizes the total concentration that the cells of interest will 
be exposed to in the simulation. The established models were subsequently 
used, together with measured in vitro ICUR for DOX, to assess whether ade-
quate DOX concentration levels in cancer cells are achieved, i.e., within target 
therapeutic zone, after a clinically relevant dose (50 mg/m2) of DOXS or 
DOXPL. The therapeutic zone was defined based on the cell viability investi-
gations as the concentration range above the lowest concentration with detect-
able effect (~10%). 

In vivo rat studies 
Rats have been used as a model animal model in experimental studies for over 
a century [64]. Today, the laboratory rat is a cornerstone of preclinical re-
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search, as it is a well characterized mammal with a physiology similar to hu-
mans in several key aspects, including the structure and function of the intes-
tinal tract [65]. While not identical to humans, in vivo rat models have ad-
vantages as compared to many in vitro models as they have a dynamic and 
complex feedback mechanisms by neuroendocrine- and immune systems. 
This complexity is necessary when evaluating and screening for prevention 
and/or supportive treatment of GI conditions and adverse effects such as 
chemotherapy-induced mucositis (CIM) and diarrhea [36]. 

Table 2. Dose, administration route and corresponding and commonly used clinical 
dose for the different dosing of chemotherapeutics and potential chemotherapy-in-
duced mucositis treatments in Papers II-IV. The two irinotecan formulations and 
dexamethasone were administered intraperitoneally (IP) as the dosing volume was too 
large for intravenous (IV) administration, while anakinra was dosed subcutaneously 
(SC), to reflect the clinical use.  

Group Abbrevi-
ation 

Dose 
(mg/kg) Route 

Corresponding 
clinical dose 
(mg/m2) [66] 

Commonly 
used clinical 
dose (mg/m2) 

Refer-
ence 

Control Saline Saline  
(1 ml) 

IV 

- -  

Doxorubicin DOX 10 60 40-75 [67] 

Idarubicin IDA 2 12 10-12 [68] 

Methotrexate MET 40 240 600-3000 [69] 

5-Fluorouracil 5-FU 200 1200 1300 [70] 

Irinotecan IRI 200 

IP 

1200 125-350 [71] 

5-Fluorouracil 
+ Irinotecan 5-FU+IRI 133+133 800 + 800 1000 + 125 [72] 

Dexame-
thasone DEX 10 60 0.6-60 [73] 

Anakinra ANA 100 SC 600 60 [55] 

As such, a rat model for chemotherapeutic induced intestinal toxicity and ad-
verse effects was established and evaluated in Papers II-IV, where they were 
exposed to and treated with drugs described in Table 2. In this model, healthy 
male Wistar Han IGS rats (strain code 273) at least 8 weeks old were included, 
which were housed in the animal laboratory facility at Uppsala University. All 
rat experiments were approved by the local animal ethical committee (Dnr 
5.8.18-06777/2020). 
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Morphological and functional examination of intestine 
To evaluate the overall morphology and intestinal damage, villus height and 
crypt depth were determined on paraffin-fixed jejunal tissue slides stained 
with hematoxylin-eosin. Ten villi and their corresponding crypt regions were 
measured per image, and the average villus height and crypt depth was deter-
mined for each animal (Fig. 4).  

 
Figure 4. Ten measurements of villus height (finger-like protrusions) and crypt depth 
(area between villus bottom and submucosa) were used to determine the mean for 
each rat. The arrows show the height of each villus and crypt. Scale bar is 100 µm. 

To detect cell proliferation, immunohistochemistry was performed using Ki67 
antibody and a horseradish peroxidase–DAB Detection IHC kit, following the 
manufacturer´s guidelines. Microscopy images were processed using an Im-
ageJ macro to automatically quantify the amount of DAB staining. The colors 
of the image were deconvoluted and split into counter staining (hematoxylin 
for Paper II or methyl green for Papers III-IV) and DAB staining. A thresh-
old was used to determine how much of the image was stained by DAB. To 
correct for the amount of sample observed in the image, it was converted to 
grayscale and a higher threshold was applied to determine the percent of the 
image that contained a sample. To calculate the extent of staining in a sample, 
a ratio between the two was calculated. See Figure 5 for a graphical represen-
tation of the process.  
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Figure 5. Example image of quantification of DAB staining in a jejunum sample. In 
a) an unprocessed image from the microscope, b) and c) show a deconvolution pro-
cess, where the original image is split into hematoxylin (b) and DAB (c) staining, d) 
shows the quantified staining of DAB, and e) demonstrates how much of the image 
contains sample. Scale bar is 100 µm in all images. 

Apoptosis was detected by staining the samples with a TUNEL kit according 
to the manufacturer’s instructions. However, it is important to note that the 
TUNEL assay may also detect other forms of programmed cell death [74, 75]. 
Despite this, in this thesis we refer to the stained cells as apoptotic in concur-
rence with previous studies [76-78]. The number of stained cells per crypt was 
calculated by manually counting the number of stained cells in the crypt region 
per captured image and dividing by the number of crypts detected in the same 
image. 

As the staining protocol used to detect proliferation and apoptosis has a 
high degree of intra-day variability, all samples in a study were analyzed sim-
ultaneously. Due to this, the two groups used in both Papers III and IV (saline 
and IDA) did not give identical results in both studies. 

Colonic water content (diarrhea) 
In Papers III-IV the entire colon and its contents were surgically removed, 
and the fecal matter was weighed and placed in an oven at 50°C until all water 
evaporated (1-3 days) and the fecal matter was weighed again. Diarrhea was 
expressed as percent colonic fecal water content, calculated as (wet weight - 
dry weight) / wet weight × 100. This quantitative method of determining di-
arrhea is less common, though it has advantages, such as it neither requiring 
the use of metabolic cages for separate quantitative collection of feces and 
urine, nor does it require a potentially biased grading system.  
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Single –pass intestinal perfusion studies 
The effect of DOX on intestinal permeability in Paper II was examined using 
a single-pass intestinal perfusion (SPIP) model. After opening the abdomen, a 
jejunal segment of approximately 10 cm was cannulated with a silicon tube at 
both ends. The segment was covered to avoid fluid loss and placed outside the 
abdomen to enable visual monitoring of the SPIP experiment. After the intes-
tinal surgery, 3H-mannitol was administered IV as a bolus of 0.25 µCi (0.1 
ml), followed by a continuous IV infusion at a rate of 0.5 µCi/h (1 ml/h) 
throughout the SPIP experiments, which lasted 120 min. During the first 45 
min following surgery, the jejunal segment was single-pass perfused with 
phosphate-buffered perfusate solution to allow for cardiovascular, respiratory, 
and intestinal stabilization prior to permeability assessment.  

Following a 45-min stabilization period, control buffer was perfused during 
75 min. Perfusate leaving the intestinal segment was collected and weighed at 
15-min intervals throughout the SPIP experiments. Blood samples (<0.3 ml) 
were drawn from the femoral artery at the start and at the end of the perfusion 
experiments. The collected blood samples were centrifuged, and the plasma 
and perfusate samples were analyzed for 3H activity. The luminal single-pass 
perfusion rate was at all times 0.2 ml/min throughout the study, controlled via 
a peristaltic pump. 

Luminal perfusion solutions leaving the segment and blood plasma samples 
were mixed with an appropriate scintillation cocktail and analyzed for 3H ac-
tivity (cpm) in the liquid scintillation analyzer Tri-Carb 2910 TR. A linear 
regression analysis of the plasma samples was made to calculate a correspond-
ing plasma value for each time point at which a perfusate sample was taken. 
The blood-to-lumen clearance (CL) of 3H-mannitol was calculated using 
Equation (6):  𝐶𝐿 = 𝐶 ∗ 𝑄𝐶 ∗ 𝑚 ∗ 100 (6)  

where Cperfusate and Cplasma are the activities (cpm/mL) in the perfusate and 
plasma, respectively, Qin is the flow rate (ml/min) into the jejunal segment, 
and tissue is the weight of the perfused tissue. Clearance is expressed as 
ml/min/100 g wet tissue weight [79]. The blood-to-lumen clearance in Equa-
tion 6 represents the small intestinal barrier function (permeability) [80, 81]. 
The average CL for each rat over all time points was then calculated and used 
as a marker of proximal small intestinal permeability. 
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Statistical analysis 
In Paper I, to determine the statistical significance of differences in responses 
for different cell lines, treatments and exposure times, mean values of IC50 and 
ICUR were directly compared to respective standard deviation as well as by 
applying two- and three-way ANOVA on the IC50 and ICUR data. For levels of 
factors containing more than two levels, the ANOVA was followed up by 
Tukey’s post hoc test. Since there were differences of one or several orders of 
magnitude between values, logarithmic values were used in these comparisons 
and tests, which also had the advantage of higher homoscedasticy of data.  

In Papers II-IV, the statistical data analysis between treatment groups was 
an ANOVA analysis with Šidák’s multiple comparisons post hoc test, and 
comparisons with p<0.05 were considered significant. All comparisons were 
tested for normality of residuals and equality of group variance with the tests 
Shapiro-Wilk and Brown–Forsythe, respectively. If the group variance was 
not equal, the regular ANOVA analysis was replaced with a Brown-Forsythe 
ANOVA test with a Dunnet T3 post hoc test. If a non-normal distribution was 
indicated, the non-parametric Kruskal-Wallis test with Dunn’s multiple com-
parisons post hoc test was used.  



 27

Results and discussion 

In vitro results and discussion 

Inhibitory concentration (IC50) 
In Paper I, the main objectives were to compare the anti-tumoral effect of 
DOXS and DOXPL, and to improve the understanding and provide more insight 
into the anti-tumoral potency of DOX when exposed in solution or as 
pegylated liposomal formulation. This was in part done by determining the 
inhibitory concentration (IC50), which is a quantitative determination of how 
much of a substance is required to kill (or inhibit) half the tumor cells over a 
specified length of time. As such, the viability of the four cell lines HepG2, 
Huh7, SNU449 and MCF7 was determined following cell exposure of differ-
ent concentrations of DOXS and DOXPL during one to three days. The drug 
exposure time was chosen to simulate transarterial chemoembolization 
(TACE) treatment in HCC patients, where the DOX emulsion is retained in 
close conjunction to the liver tumor for several days to increase the anti-tumor 
effect [82]. 

There was a substantial difference in the sensitivity to DOX between most 
of the tumor cell lines, as seen in Figure 6. The exceptions were HepG2 and 
MCF7, where the relative difference between the mean IC50 values following 
both DOXS and DOXPL treatments showed no clear difference (p > 0.5 at any 
time point and treatment), despite their different tissue origins.  

The Huh7 cell line was more resistant to both DOX formulations compared 
to HepG2 and MCF7 (p < 0.01). A potential explanation for the difference in 
cell viability is that both HepG2 and MCF7 cells have wild-type p53, while 
Huh7 cells have a characteristic point-mutation in the p53-gene [83-85]. It is 
known that inactivation of p53 mediate resistance to DOX treatment in breast 
cancer cell lines [83, 86]. As such, it could play a similar role in determining 
sensitivity to DOX in the different cell lines investigated in this study. 

The more resistant cell line SNU449 had more than ten times higher IC50 
values compared to HepG2, Huh7 and MCF7, which is in line with earlier 
reports [15, 87]. This was consistently observed following exposure of both 
DOXS and DOXPL, and statistically significant at all exposure times (p < 
0.0001). The higher resistance might be linked to the lower intracellular up-
take ratio of DOX compared to the other cell lines (Fig. 7). While this lower 
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cellular uptake ratio could be a result of a more extensive intracellular metab-
olism of DOX. An argument against rapid metabolism is the determined lower 
ICUR in SNU449 that did not correspond with a higher amount of DOXol 
formed, as compared to the more sensitive tumor cell lines. Other potential 
explanations could be an increased carrier-mediated membrane efflux, as well 
as other mechanisms that affect cell adhesion, cell–cell interactions and mo-
tility, which could be linked to the observed increased resistance [62]. 

 
Figure 6. The mean (±SD) IC50 values of the cell lines SNU449 (purple), HepG2 
(blue), Huh7 (orange) and MCF7 (yellow), after exposure to DOXS (circles) or DOXPL 
(hollow squares) for 24, 48 or 72 h. The cells were exposed to between 0.001–1000 
µM for DOXS and 0.1-1000 µM for DOXPL, with six technical replicates performed 
at three separate occasions per cell line and exposure duration. The DOXPL results for 
SNU449 and most of Huh7 were excluded, as the maximum dose did not allow cal-
culation of their IC50 values. 

Longer exposure times for DOXS and DOXPL reduced the IC50 values (Fig. 6). 
This can be attributed to changes in the intracellular disposition, such as an 
increased uptake of DOX into the cell nucleus, as well as the additional time 
needed to fully induce cell death [88, 89]. This effect of further exposure time 
is decreased between the 48 to 72 h time intervals for all cell lines except Huh-
7. The increased local drug exposure time is used in TACE treatment, where 
the DOX emulsion is retained in close conjunction to the tumor for several 
days to increase the effect [82]. However, the results from this in vitro study 
suggest that the increased effect might be mostly dependent on tumor pheno-
type. 

There was a clear difference in cell viability between DOXS or DOXPL in 
all investigated cell lines; the IC50 of DOXPL was on average 240 times higher 
than DOXS. We were unable to determine the IC50 for DOXPL in the SNU449 
cell line, and in some cases also for Huh7, as the maximum exposure concen-
trations were not sufficiently high. However, where it was possible to calcu-
late, the results fit with the other investigated cell lines. These ratios between 
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IC50 values agree with earlier reports, where DOXS was 10 to 1000 times as 
potent as DOXPL at various exposure conditions in different cell lines [90, 91]. 

Intracellular concentration and uptake 
In order to develop safe and efficient strategies to reach intracellular targets, 
more insight is needed in regards to tumor cell net uptake of chemotherapeu-
tics and their intracellular formation of active metabolites. In addition, the cy-
totoxicity and intracellular exposure by chemotherapeutics as free drugs or 
parenteral formulations is crucial knowledge in the development of effective 
cancer drugs. As such, the intracellular concentration of DOX and DOXol was 
determined and used to calculate the uptake ratio, as a way to determine how 
efficiently the drug was delivered and taken up by the tumor cells.  

The determined intracellular concentration (ICC) of DOX and DOXol, as 
well as the uptake ratio (ICUR) are given in Table 3. The ICUR for DOXS and 
DOXPL ranged from 4.5 to 1500 and 0.12 to 5.2, respectively. The uptake ratio 
was almost 100 times higher after DOXS, compared to DOXPL, as a median 
across all cell lines and time points (p < 0.0005). The lowest ICUR and ICC of 
DOX for both formulations was observed for SNU449, which is in accordance 
with this cell line having the highest IC50-value (Fig. 6 and 7). The formation 
of DOXol was far lower after treatment of DOXPL, which is in accordance 
with its lower ICUR of DOX as carbonyl reductases and/or aldo-keto reduc-
tases are located intracellularly (Table 3). 

 
Figure 7. The intracellular uptake ratio in four cell lines (SNU449, HepG2, Huh7 and 
MCF7) after 72 hours exposure to doxorubicin in solution (DOXS, solid circles) or as 
a pegylated liposome formulation (DOXPL, hollow squares). The four cell lines were 
exposed to a concentration based on the calculated IC50 of that treatment, with a max-
imum of 200 µM. See Table 3 for more details on the exposure concentration. 
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Table 3. Exposure time and concentration, calculated mean (±SD) intracellular con-
centration (ICC) of DOX and DOXol and intracellular uptake ratio (ICUR) in the four 
cell lines. Each exposure concentration was based on the calculated IC50 of that treat-
ment with a maximum of 200 µM, see Figure 6 and Paper I for further details. When 
the quantified amount was below the lowest limit of quantification, it is symbolized 
with “n/a”. 

Exposure 
Time Treatment Exposure  

concentration 
ICC DOX  

(µM) 
ICC DOXol 

(µM) ICUR 

SNU449 

24 h DOXS 200 µM 2000±140 83.4±7.0 10.4±0.73 
DOXPL 200 µM 47.8±18 n/a 0.24±0.088 

48 h DOXS 30 µM 414±48 13.3±0.87 14.3±1.6 
DOXPL 200 µM 40.5±3.1 2.73±0.031 0.22±0.016 

72 h DOXS 10 µM 41.1±3.6 3.59±0.75 4.47±0.38 
DOXPL 200 µM 23.2±4.2 0.81±1.4 0.12±0.028 

HepG2 

24 h DOXS 10 µM 5090±680 147±20.6 523±70 
DOXPL 200 µM 178±76 n/a 0.89±0.38 

48 h DOXS 0.5 µM 87.1±8.1 n/a 174±16 
DOXPL 100 µM 161±21 0.77±1.28 1.61±0.212 

72 h DOXS 0.5 µM 108±7.9 5.62±1.7 228±15 
DOXPL 100 µM 228±17 14.0± 4.9 2.42±0.18 

Huh7 

24 h DOXS 20 µM 6 220±590 23.2±1.3 312±29 
DOXPL 200 µM 412±120 0.27±0.47 2.1±0.58 

48 h DOXS 5 µM 7 450±8 400 2.34±2.9 1490±1 700 
DOXPL 200 µM 233±43 n/a 1.16±0.21 

72 h DOXS 1 µM 280±125 0.024±0.042 280±120 
DOXPL 200 µM 314±38 0.14±0.16 1.57±0.19 

MCF7 

24 h DOXS 10 µM 151±21 11.2±2.5 16.2±1.9 
DOXPL 200 µM 292±60 6.67±3.4 1.49±0.31 

48 h DOXS 0.5 µM 115±17 2.56±2.7 234±33 
DOXPL 200 µM 593±180 0.10±0.10 2.96±0.89 

72 h 
DOXS 0.3 µM 174±41 19.5±2.8 644±130 
DOXPL 100 µM 517±87 n/a 5.17±0.87 

The high ICUR of DOX and the lack of distinct correlation with the exposure 
concentration in the four cell lines suggests that passive diffusion is a key 
mechanism for intracellular delivery of DOX, something that is supported by 
previous studies [92, 93]. The high DOX uptake is possible due to the high 
binding and retention capacity of DOX to nuclear and mitochondrial DNA, 
which has been reported to be main intracellular binding sites of DOX [94, 
95]. The intracellular accumulation of DOX after treatment of DOXS might 
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contribute to reduced anti-tumor effect in avascular tumor regions in patients, 
as it reduces the intercellular diffusion into deeper tumor regions.  

Physiologically based pharmacokinetic modeling 
To determine how the results from Paper I might influence the exposure-time 
profile and clinical effects of different tumor phenotypes and DOX formula-
tions, we developed and established a PBPK model. This model predicted a 
high intracellular buildup of DOX, with up to 10,000 times higher exposure 
concentration (the sum of interstitial and intracellular concentrations), com-
pared to the interstitial concentration, as seen in Figure 8a-b.  

 
Figure 8 a-d. The results from a PBPK model for DOXS and DOXPL. In (a) and (b), 
the simulated cellular exposure (CExp, a combination of the interstitial and intracellular 
concentration for liver cells, in red), interstitial concentration in the liver (CInt, in 
green), and plasma concentration (CP, in blue) of DOX after 50 mg/m2 DOXS (a, c) or 
DOXPL (b, d) administration. The lines are dotted in (b), and the additional parameter 
of non-liposomal DOX found in plasma after DOXPL treatment (CP.nl, circles) was 
added. In (c) and (d), the CExp is expanded for the liver cancer cell lines based on their 
determined ICUR, with healthy liver cells in red, SNU449 in purple, HepG2 in blue 
and Huh7 in orange. The dotted black lines in (c) and (d) showed the therapeutic zone, 
which was defined as the minimum concentration with detectible effect on cell via-
bility (~10%). 

The total cellular exposure, i.e., the AUC of the sum of interstitial and intra-
cellular concentrations, was predicted to be similar for DOXS and DOXPL at 
2500 and 1800 µM h, respectively. This is despite the 500 times higher plasma 
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exposure (AUC) after DOXPL (1600 µM h) compared to DOXS (3.0 µM h). 
The measured ICUR were used to model different HCC tumor phenotypes, cor-
responding to their cellular uptake of DOX, which might indicate a difference 
in DOX resistance. The predicted average cellular exposure over seven days 
(168 h) was 40 times higher for HepG2 and Huh7 (0.5-1 µM) compared to 
SNU449 (0.02 µM) after administration of 50 mg/m2 DOXS, with similar lev-
els and differences after DOXPL administration (Fig. 8c-d). This might indi-
cate that a tumor more similar to SNU449 cells would not reach therapeutic 
cellular exposure DOX concentrations at these levels after DOXPL or DOXS 
administration. These results showed the importance of proper characteriza-
tion of tumors before therapeutic strategy selection. It also confirms the ne-
cessity of using multiple cell lines with different levels of resistance, and that 
SNU449 cells could serve as a valuable in vitro model system to study DOX-
resistant HCC. 

In vivo results and discussion 

 
Figure 9. The main results from Papers II-IV, with significant results shown as ar-
rows pointing up (increase) or down (decrease). The number of arrows correspond to 
the level of significance; one (p<0.05), two (p<0.01), three (p<0.005) or four 
(p<0.0001) arrow(s). The concentrations and abbreviations are described in Table 2. 
All treatment/exposure time in Papers III-IV were 72 h, and all treatments/exposures 
are compared to saline except the following: (i) 168 h DOX is compared to 72 h DOX 
in Paper II to test potential recovery effects, and (ii) all combinations of IDA and 
ANA and/or DEX were compared to IDA in Paper IV to test potential treatment/pre-
vention effects. 

Morphological examination of the small intestine 
Chemotherapy-induced villus atrophy is a key morphological effect of CIM 
and is often used as a quantitative marker for off-target small intestinal toxicity 
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[96, 97]. This means it is also a relevant study endpoint for evaluating success 
of supportive treatments in preclinical CIM models.  

 
Figure 10 a-c. Effect of exposure to chemotherapeutics, as well as treatment effects 
of anakinra (ANA) and dexamethasone (DEX) on villus height, adapted from Papers 
II-IV. In (a), the effects of saline and doxorubicin (DOX) exposure on villus height 
over time is shown. In (b), the effects on villus height after exposure to different 
chemotherapeutics 72 h after dosing is shown. The rats were exposed to either saline, 
DOX, idarubicin (IDA), methotrexate (MET), 5-florouracil (5-FU), irinotecan (IRI) 
or a combination of 5-FU and IRI. In (c), the saline and IDA groups from Paper III 
were re-used, and compared to rats treated with IDA followed with daily dosing of 
ANA, DEX, or ANA+ DEX, and lastly daily ANA and DEX. Each symbol represents 
the mean value from a single animal based on ten separate determinations. The statis-
tical data analysis was performed with an ANOVA analysis with Šidák’s multiple 
comparisons post hoc test in (a) and (b), and with a Kruskal-Wallis test with Dunn’s 
multiple comparisons post hoc test in (c). Significant comparisons were indicated by 
one (p<0.05), two (p<0.01), three (p<0.005) or four (p<0.0001) stars.  
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As such, it is highly relevant to identify an optimal time point for evaluation 
of protective interventions, in part by finding the drug exposure duration 
where villus atrophy is largest. In Paper II, the small intestinal villus height 
was reduced by 38% at 72 h after DOX exposure (from 475±80µm to 
293±49µm, for saline and DOX, respectively), as seen in Figure 10a. These 
results are in agreement with literature rodent data, where a 30 to 50% reduc-
tion is observed 72 h after 5-fluorouracil (400 mg/kg) or DOX (10 mg/kg) 
dosing [96, 98]. As 72 h was the time where we detected the most pronounced 
impact on the morphology, this exposure duration was used in Papers III-IV. 

In Paper III, the villus height reduced significantly for all chemotherapeu-
tics (DOX, IDA, methotrexate, 5-florouracil, irinotecan or a combination of 
5-florouracil and irinotecan) compared to saline, as seen in Figure 10b. The 
mean reduction was similar (36-49%) for all treatments except methotrexate 
(~20%).  

In Papers III and IV, the jejunal villus height was reduced by 36% at 72 h 
after a single dose of IDA (from 442±40µm to 285±35µm, for saline and IDA 
respectively). This villus atrophy was almost completely reverted by the com-
bined treatment of anakinra and dexamethasone in Paper IV, though not by 
any of the two drugs dosed separately, as seen in Figure 10c. 

The effect of the combination of anakinra and dexamethasone on prevent-
ing the reduction of villus height might be explained by the general anti-in-
flammatory effect. Anakinra is considered to protect the rapidly growing hem-
atopoietic and intestinal epithelial cells from chemo-toxicity by reversibly in-
hibiting their proliferation [99-101]. As it has been suggested that normal cells 
after anakinra exposure remain in G0 and G1 phase, they will be protected from 
S- and G2/M-specific chemotherapeutics, such as IDA [99, 102]. On the other 
hand, the pleotropic nature of dexamethasone makes it hard to pinpoint the 
specific mechanism responsible for its contribution in preventing villus atro-
phy, though it is most likely linked to one or more of its anti-inflammatory 
effects. While future research regarding the dose selection is required to es-
tablish an optimal dose combination, the successful prevention of villus atro-
phy at the current doses of anakinra and dexamethasone demonstrates the ben-
efit of combining these two drugs for potential future preventive and support-
ive treatments of this medical condition. 

Changes in body weight 
As an indication of the rat´s well-being, changes in body weight were investi-
gated in Papers II-IV. Many different factors may contribute to body weight 
loss after chemotherapy, such as diarrhea, endocrine processes, malabsorp-
tion, cachexia and effects contributing to less intake of water and nutrients, 
like nausea, pain, or malaise [103].  

In Paper II, the rats did not have any significant change in body weight 
after a single DOX dose, as can be seen in Figure 11a. Though not significant, 
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the largest average decrease was at 72 h after DOX exposure (from 1.1±0.4% 
to 3.9±5.1% body weight loss for saline (6 h) and DOX (72 h), respectively), 
which in combination with the significant decrease in villus height indicates 
the poorer health of rats at that exposure time.  

 
Figure 11 a-c. Change in body weight (%) after dosing with saline, chemotherapeu-
tics, as well as anakinra (ANA) and dexamethasone (DEX), adapted from Papers II-
IV. In (a), the effect of saline and doxorubicin (DOX) exposure on body weight over 
time is shown. In (b), the effect on body weight after exposure to different chemother-
apeutics 72 h after dosing is shown. The rats were exposed to either saline, DOX, 
idarubicin (IDA), methotrexate (MET), 5-florouracil (5-FU), irinotecan (IRI) or a 
combination of 5-FU and IRI. In (c), the saline and IDA groups from Paper III were 
re-used, and compared to rats treated with IDA followed with daily dosing of anakinra 
(ANA), dexamethasone (DEX), or ANA+ DEX, and lastly daily ANA and DEX. The 
statistical data analysis was performed with a Kruskal-Wallis test with Dunn’s multi-
ple comparisons post hoc test in (a) and (b), and a Brown-Forsythe ANOVA test with 
a Dunnet T3 post hoc test in (c). Comparisons with significant differences were indi-
cated by two (p<0.01), three (p<0.005) or four (p<0.0001) stars. 



 36 

In Paper III, rats given saline gained on average 2.0% body weight over 
three days, and there was a significant (p<0.01) reduction in body weight after 
DOX (8.9±3.2%) and irinotecan (16.3±2.2%) exposure. A small, yet non-sig-
nificant average decrease of body weight was seen after IDA, 5-florouracil 
and the combination of irinotecan and 5-fluorouracil. Interestingly, there was 
no correlation between diarrhea and weight loss, nor between villus atrophy 
and weight loss in Paper III.  

In Paper IV, a small, yet significant, decrease in bodyweight was observed 
after IDA exposure. In addition, treatment with dexamethasone further re-
duced bodyweight in all rats (leading to an average decrease of 10% body 
weight), including those not dosed with IDA (p<0.0001), as seen in Figure 
11c. While dexamethasone generally increases body weight in humans [104], 
the opposite effect is observed in rodents, as observed in this study as well as 
in the literature [105]. This species different effect between rats and humans 
has been explained as being caused by an increased urea synthesis [106] and 
possibly also by increased lipolysis and proteolysis [107]. As such, it is likely 
that part of the reason why dexamethasone is not commonly tested in rodent 
CIM-models is due to its effect on body weight. Though further studies into 
the exact mechanism of dexamethasone-induced body weight loss are war-
ranted, it is worth noting that dexamethasone was highly effective as a co-
treatment to protect against other aspects of CIM, such as preventing villus 
atrophy.  

Colonic water content (diarrhea) 
The full colonic water content was examined in Papers III-IV as a represen-
tation of diarrhea, a common and problematic condition of GI chemotoxicity.  

In Paper III, there were significant increases in water content in colonic 
feces compared to saline (63.5±3.4%) following dosing with IDA 
(78.6±10.7%) and irinotecan (85.2±12.3%), as seen in Figure 12a. 5-floroura-
cil (60.6±5.3%) and methotrexate (72.5±8.9%) alone did not cause any signif-
icant increase in fecal water content, and neither did the combination of 5-
florouracil and irinotecan (69.1±3.3%) administered at a lower dose (133+133 
mg/kg). This contrasts with the results seen in Figure 10b, where all chemo-
therapies caused a significant decrease in villus height. As such, this would 
indicate that CID is not primarily a result of villus atrophy. It should also be 
noted that 5-florouracil did not cause any diarrhea in this rat model, despite its 
high clinical incidence [108]. This is possibly related to dose (see Table 2) and 
a higher metabolic clearance in rat and accordingly lower drug exposure. All 
single doses were selected to optimize GI symptoms based on experience, 
published data, and clinical relevance, while avoiding unnecessary animal suf-
fering. Different mechanisms of drug-induced diarrhea will need to be further 
investigated in this rat model and compared to corresponding clinical data. 
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In Papers III and IV, IDA caused a 19% increase in the colonic fecal water 
content compared to saline (from 63.5±3.4 to 78.6±10.7 for saline and IDA 
respectively), indicating a clear induction of diarrhea. When evaluating the 
supportive treatments of IDA-induced diarrhea, anakinra by itself completely 
reversed the diarrhea, while dexamethasone with or without anakinra reduced 
the average fecal water content, though not to a statistically significant degree, 
as seen in Figure 12b. The lack of significant results after dexamethasone 
treatment may be related to its ability to induce electrolyte and fluid loss at 
high doses [109]. The diarrhea results may also be affected by the decrease in 
body weight observed after dexamethasone treatment of rats (Fig. 11c). Fur-
ther research is required to investigate the various effects of dexamethasone 
in the small and large intestine, but it is clear that anakinra is an effective 
treatment of IDA-induced diarrhea in this rat model.  

  
Figure 12 a-b. Colonic fecal water content (%), that reflects diarrhea, 72 hours after 
dosing of chemotherapeutics, anakinra (ANA), and/or dexamethasone (DEX), 
adapted from Paper III-IV. In (a) the effects on colonic fecal water content after ex-
posure to different chemotherapeutics 72 h after dosing is shown. The rats were ex-
posed to either saline, DOX, idarubicin (IDA), methotrexate (MET), 5-florouracil (5-
FU), irinotecan (IRI) or a combination of 5-FU and IRI. In (c), the saline and IDA 
groups from Paper III were re-used, and compared to rats treated with IDA followed 
with daily dosing of (ANA), dexamethasone (DEX), or ANA+ DEX, and lastly daily 
ANA and DEX. The statistical data analysis was performed with an ANOVA analysis 
with Šidák’s multiple comparisons post hoc test in both (a) and (b), and comparisons 
with p<0.05 were considered significant, indicated by one (p<0.05), two (p<0.01) or 
three (p<0.005) stars.  

While this animal model allows for a single time point determination in each 
rat, most reported rat studies instead monitor diarrhea daily to include the ef-
fects of time from dosing. For instance, a qualitative quantification of diarrhea 
has been used, in which severity and incidence is based on scoring of fecal 
texture and perianal staining of the coat [110-112]. While this enables repeated 
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observations from each animal, qualitative scoring lacks a quantitative deter-
mination of diarrhea and is highly variable, as opposed to determination of 
fecal water contents in this study. It is also worth noting that no correlation of 
colonic fecal water content to the scoring proposed in the qualitative determi-
nation of diarrhea was seen in the experimental phase of Papers III-IV. It was 
only in the most extreme cases that any clear signs of diarrhea by external 
monitoring of the rat feces was detected in this study. As such, we advocate 
for the method of diarrhea quantification used in the experiments included in 
this thesis. The quantification method is also expected to provide more sensi-
tive and conclusive dose-response data for any drug development project, and 
a lower variability enables the use of less animals. Still, the two methods for 
diarrhea are non-exclusive and could be combined. 

Proliferation (Ki67 positive staining) 
Villus atrophy arises as a result of stem cell death in the crypts of the mucosal 
epithelium of the small intestine. Under normal conditions, proliferating pro-
genitor stem cells replace the continuous shedding of intestinal epithelial cells 
from the tip of the villi about every 4-5 days [113]. When this renewal process 
is compromised, the height of the villi is reduced. As such, it is of high interest 
to study these processes and how they relate to morphological changes after 
exposure to chemotherapies. 

In Paper II, the proliferation marker Ki67 rapidly declined 24 h after DOX 
exposure, as seen in Figure 13a. These levels returned to baseline at 72 h, 
which agreed with a previous irinotecan (200 mg/kg) rat study [76]. However, 
later time points in that study also showed a 50% increase of Ki67-stained 
cells over baseline at 96 h, without fully returning to baseline at 144 h. While 
Paper II did not look at proliferation at 96 or 144 h after DOX exposure, it is 
possible we would have seen a similar pattern of increase and decrease at those 
time points. Altogether, this suggests that supportive interventions relying on 
increased proliferation should be most active 24-48 h after chemotherapy. 

As seen in Figure 13 b-c, there was no significant difference between the 
levels of proliferation in either Papers III or IV. This is expected based on 
the results seen in Paper II (Fig. 13a), where the increased proliferation at the 
earlier time points have returned back to baseline after 72 hours, which is the 
exposure duration used for Papers III-IV. It is also worth noting that all val-
ues were lower in Paper IV. This is in part due to an adaption of the method, 
where the previous background staining of hematoxylin was replaced with 
methyl green. As methyl green has less spectral overlap with DAB, the decon-
volution tool used can better separate the colors, leading to a lower signal.  

 



 39

 
Figure 13 a-c. Proliferation (Ki67-positive staining) in jejunum samples after dosing 
with saline, chemotherapeutics, as well as anakinra (ANA) and dexamethasone 
(DEX), adapted from Papers II-IV. In (a), the effect of saline and doxorubicin (DOX) 
exposure on proliferation over time is shown. In (b), the effect on proliferation after 
exposure to different chemotherapeutics 72 h after dosing is shown. The rats were 
exposed to either saline, DOX, idarubicin (IDA), methotrexate (MET), 5-florouracil 
(5-FU), irinotecan (IRI) or a combination of 5-FU and IRI. In (c), the saline and IDA 
groups from Paper III were reanalyzed, and compared to rats treated with IDA fol-
lowed with daily dosing of anakinra (ANA), dexamethasone (DEX), or ANA+ DEX, 
and lastly daily ANA and DEX. The statistical data analysis was performed with a 
Brown-Forsythe ANOVA test with a Dunnet T3 post hoc test in (a) and an ANOVA 
analysis with Šidák’s multiple comparisons post hoc test in both (b) and (c). Signifi-
cant comparisons were indicated by one (p<0.05) star.  

Apoptosis (TUNEL positive staining) 
In addition to increased proliferation, villus atrophy can be reduced by inhib-
iting epithelial apoptosis. 

In Paper II, the average number of apoptotic cells per crypt increased 24 
h after doxorubicin exposure, with a non-significant increase of similar mag-
nitude at 6 h, as seen in Figure 14a. The increased variability at 6 h after DOX 
exposure may reflect a strong inter-individual variability in the onset of apop-
tosis. While it has been reported that DOX mainly causes apoptosis in cells at 
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positions 3-6 in the crypts, a subset of stem cells more prone to cytostatic 
damage [114], the method used Paper II-IV did not allow for such detailed 
analysis. The results from Paper II corroborate another DOX rat study that 
shows an increased apoptosis 6 and 24 h after exposure [96]. These data 
showed that apoptosis occurs rapidly after DOX exposure, preceding any vis-
ual morphological damages. As such, supportive treatment with an anti-apop-
totic effect should be most active the first 24 h after dosing for optimal effect.  

 
Figure 14 a-c. Apoptosis (TUNEL-positive staining) in jejunum samples after dosing 
with saline, chemotherapeutics, as well as anakinra and dexamethasone, adapted from 
Paper II-IV. In (a), the effect of saline and doxorubicin exposure on apoptosis over 
time is shown. In (b), the effect on body weight after exposure to different chemother-
apeutics 72 h after dosing is shown. The rats were exposed to either saline, doxorubi-
cin, idarubicin, methotrexate, 5-florouracil, irinotecan or a combination of 5-floroura-
cil and irinotecan. In (c), the saline and idarubicin groups from Paper III were rean-
alyzed, and compared to rats treated with idarubicin followed with daily dosing of 
anakinra, dexamethasone, or anakinra + dexamethasone, and lastly daily anakinra and 
dexamethasone. The statistical data analysis was performed with a Kruskal-Wallis test 
with Dunn’s multiple comparisons post hoc test in (a) and (b), and an ANOVA anal-
ysis with Šidák’s multiple comparisons post hoc test in both (b) and (c). Significant 
comparisons were indicated by one (p<0.05) or two (p<0.01) stars.  
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While there were no significant differences in apoptosis observed in Paper 
III (Fig. 14b), in Figure 14c we can see that there is a significant decrease in 
apoptosis in all groups treated with dexamethasone in Paper IV.  

Single-pass intestinal perfusion experiments 
While previous CIM studies thoroughly investigated mechanisms involved in 
its development [115, 116], there is seldom a direct link to functional intestinal 
processes. One hallmark function of a healthy mucosa is its ability to absorb 
fluid and nutrients while restricting passage of harmful xenobiotics, viruses, 
and bacteria [117]. Intestinal barrier function is often evaluated using low-
permeability markers of various sizes, such as mannitol (182 Da) and fluores-
cein isothiocyanate-dextrans (> 4 kDa) [118].  

In Paper II, we showed that the proximal jejunum permeability to the para-
cellular marker mannitol was reduced at 6, 24 and 168 h DOX exposure, as 
seen in Figure 15. This may be related to an immediate sealing of tight-junc-
tion complexes, a common mechanism of the intestinal mucosa [119] to up-
hold the barrier function and avoid an uncontrolled “leaky gut“ [120]. For in-
stance, tight-junction proteins redistribute to maintain barrier integrity after 
TNF-induced apoptosis [121].  

 
Figure 15. Jejunal clearance of 3H-mannitol at different time points after saline or 
doxorubicin (DOX) exposure. This was used to reflect paracellular permeability from 
blood to the single-pass-perfused jejunal segment. Each circle represents the average 
value from a single animal, and the black line signifies the group average. The statis-
tical data analysis was performed with an ANOVA analysis with Šidák’s multiple 
comparisons post hoc test, and comparisons with p<0.05 were considered significant, 
indicated by two stars (p<0.01).  
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Conclusions and future studies 

This thesis aimed to increase the understanding of how two anthracyclines, 
doxorubicin (DOX) and idarubicin (IDA), induced on-target toxicity in tumor 
cell lines, as well as their off-target toxicity in the form of chemotherapy-in-
duced intestinal mucositis (CIM). 

In Paper I, it was shown that DOX was more cytotoxic when exposed as a 
solution (DOXS) compared to a nano-sized pegylated liposomal formulation 
(DOXPL) in vitro. This is most likely explained by a slower and incomplete 
cellular uptake of DOX from DOXPL, which might be a result of lower extra-
cellular availability of DOX when exposed to the tumor cells. In support of 
this hypothesis, it was determined that the total intracellular concentrations of 
DOX were 230 times higher than the exposure concentrations for DOXS as an 
extracellular medium, but only 2 times higher for DOXPL. The PBPK model 
used highlights the importance of tumor characterization before selecting clin-
ical therapeutic interventions. Furthermore, the vast differences in response 
and uptake between the different cell lines used in this study showed the im-
portance of using multiple cell lines in all preclinical cancer research in order 
to capture the tumor heterogeneity seen in patients. 

While preclinical studies have reported on the potential of TACE and na-
noparticle combination therapy in HCC treatment, the knowledge acquired 
from Paper I demonstrated that there is a need to design nanoparticles with a 
high drug load and a tumor triggered release to be able to improve high-pre-
cision delivery and treatment. This study also suggests that there is a clear 
advantage for longer local exposure time in close vicinity to the tumor cells, 
and the added benefits are more important the first few days after administra-
tion, depending on the tumor phenotype. 

In Paper II, we demonstrated the time-dependence of DOX-induced intes-
tinal mucositis. Villus height was reduced three days after DOX dosing, and 
the intestinal mucosa had recovered by day seven. The villus height reduction 
was preceded by increased apoptosis and decreased proliferation, both of 
which occurred the first day after DOX dosing. In contrast with in vitro liter-
ature data, our in vivo model showed that the presence of complex feedback 
systems are crucial for understanding the intestinal barrier responses to 
chemotherapeutics. 

The findings from this study led to the use of the three-day exposure time 
for effect assessment in Papers III and IV, as it was when the most extensive 
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morphological damage occurred. It also suggests that any potential treat-
ment(s) that affect(s) apoptosis or proliferation should be most active the first 
day(s) after chemotherapy. 

In Paper III, we tested different chemotherapies in the rat model estab-
lished in Paper II, and also determined their effect on diarrhea, as this is a 
common and severe complication of CIM. We showed that villus atrophy was 
pronounced and similar in degree following single dosing of five different 
chemotherapeutics at clinically relevant doses and combinations. However, 
diarrhea was only observed with two of the investigated chemotherapeutics, 
irinotecan and IDA, but not for DOX. Consequently, small bowel villus atro-
phy itself was not predictive of diarrhea.  

The findings in this study led to selecting IDA instead of DOX for Paper 
IV, as IDA gave both severe villus atrophy and diarrhea in this model. We 
also showed that this model was unable to properly capture the expected diar-
rhea from 5-florouracil, despite its high clinical incidence. This may be related 
to dose selection and a higher metabolic clearance in rats. Future studies 
should investigate other mechanisms in both the small and large intestine for 
chemotherapy-induced diarrhea. Improved understanding of this relationship 
is expected to contribute to development of supportive treatments for this 
common and serious adverse drug effect.  

In Paper IV, we showed that IDA-induced mucositis and diarrhea could 
be treated effectively with daily dosing of anakinra and dexamethasone, two 
anti-inflammatory drugs. Anakinra by itself prevented the development of di-
arrhea, while the combination of anakinra and dexamethasone protected the 
rats from villus atrophy. The results in this investigation, combined with other 
preclinical models and data from clinical trials further supportive the use of 
these two drugs as supportive therapies for CIM and diarrhea.  

The overall positive effects in Paper IV encourage further investigations 
into the use of anakinra and dexamethasone as supportive therapies for chem-
otherapy-induced intestinal mucositis and diarrhea. This includes time-de-
pendent dose finding studies coupled to extended mechanistic investigations 
in complex in vivo models. 
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Populärvetenskaplig sammanfattning 

Cancer är en av de vanligaste dödsorsakerna globalt, och antalet fall väntas 
nästan dubbleras de närmaste 20 åren. Cancer kan beskrivas som en grupp 
celler som delar sig okontrollerat och manipulerar kroppen för att överleva. 
För att behandla cancer så använder man sig ofta av cellgift. Cellgift är en 
medicin som dödar celler som delar sig snabbt, vilket gör att den är bra på att 
bekämpa cancer. Problemet är att det inte bara är cancerceller som delar sig 
snabbt, utan även många andra celler blir drabbade av cellgiftet. Det bidrar till 
att cellgift har mycket problem med biverkningar, såsom håravfall och tarm-
problem.  

Tarmbiverkningar som orsakas av cellgift kan leda till många olika pro-
blem. Det kan göra att man får alvarlig diarré, smärta och illamående, men 
också blodförgiftning om tarmen blir så skadad att den släpper igenom bakte-
rierna som bor i tarmen in i blodet. De här biverkningarna är ett stort problem 
för patienter, och det finns dessvärre ingen effektiv medicin för att förhindra 
eller behandla dem. Detta gör att man ofta måste sänka dosen eller avbryta 
cellgift-behandlingen för att minska biverkningarna, vilket gör det svårare att 
behandla cancern i sig.  

I den här doktorsavhandlingen så har jag fokuserat på en typ av cellgift, 
antracykliner, och tittat på hur de påverkar både den önskade effekten av cell-
gift och dess tarmbiverkningar.  

I den första studien tittade vi på hur antracyklinen doxorubicin påverkar 
olika typer av cancerceller, och hur mycket doxorubicin som tog sig in i cel-
lerna. Det visade sig att cellerna uppförde sig lite som dammsugare, så kon-
centrationen inuti cellerna blev i snitt mer än 200 gånger högre än koncentrat-
ionen som de exponerades för. Vi såg också att de celler som var minst käns-
liga för doxorubicin också tog upp mycket mindre doxorubicin.  

För att lära oss mer om tarmbiverkningarna av antracykliner så behövde vi 
arbeta med råttor, eftersom det enda sättet att förstå sådana komplexa biverk-
ningar är att arbeta med levande djur.  

I vår första råttstudie så gav vi dem doxorubicin, och tittade på hur tarm-
skadorna utvecklades över en vecka. Vi såg då att de snabbt delande tarmcel-
lerna blev dödade av doxorubicin under den första dagen, och att den största 
skadan på tarmvävnaden dök upp tre dagar efter att de fick cellgift. Efter en 
vecka så verkade alla tarmskador vara återhämtade. 
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I den andra råttstudien så tittade vi på hur olika sorters cellgift, inklusive 
antracyklinerna doxorubicin och idarubicin, gav tarmskada och om de gav råt-
torna diarré. Vi såg där att alla cellgifter vi testade gav liknande skada på tarm-
vävnaden tre dagar efter att de fick cellgift, men bara en tredjedel av de olika 
cellgifterna gav råttorna diarré. Det verkade inte finnas någon koppling mellan 
diarrén och vävnadsskadan, och eftersom idarubicin gav råttorna diarré så 
valde vi att gå vidare med den för den sista råttstudien. 

I den tredje råttstudien så testade vi om man kunde behandla eller helt fö-
rebygga tarmskadan och diarrén som orsakades av idarubicin med hjälp av 
dagliga doser av de två läkemedlen anakinra och dexametason. Vi såg då att 
kombinationen av de två läkemedlen helt stoppade tarmskadan, och anakinra 
kunde ensamt förhindra diarrén. Därför så tror vi att dessa två läkemedel är 
värda att titta närmare på, så att man kanske kan använda ett eller båda av dem 
för att behandla patienter som får tarmbiverkningar efter cellgift-behandling i 
framtiden. 
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