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Propositions 

Accompanying the dissertation 

Inconspicuous offender: 

Pathophysiological role of Oxidized-Low Density Lipoprotein in metabolic disease 

 

1. Antibodies against oxLDL ameliorates the harmful consequences of disturbed lipid 

metabolism. (This Thesis) 

2. Antibodies against oxLDL can improve outcomes of cancer therapy. (This Thesis) 

3. OxLDL is one of the major drivers of the metabolic hallmark in cancer. (This Thesis) 

4. The physiology of males and females are similar but not identical and so therapeutic 

strategies should be developed with this in mind. (This Thesis) 

5. Current NASH and cancer therapeutic outcomes can also be improved by improving 

early diagnosis. 

6. Science…. it’s not a competition. 

7. Science is pure so keep your politics, economics and non-scientific beliefs away from 

it unless you wish to taint it. 

8. To ease the global burden of metabolic disease, oxLDL immunization should be utilized 

in the same manner as current standardized vaccines against infectious diseases.  

9. The nature of man’s life is to be lazy, the goal of innovation is to facilitate laziness, 

thus man works hard to innovate in order to achieve a lazy life. 

10. What? Why? How? Yes, you must have the answer to all 3 for anything that you want 

to do. 

11. “That’s how they’ve always done it” leads to “that’s how I’ve always done it” leads to 

“that’s how we’ve always done it” leads to “I don’t know why we’ve always done it 

this way” and so I say, one should never be content with “that’s how we’ve always 

done it” as an explanation for anything. 

Albert Bitorina 

Maastricht – September 29th 2020 
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Chapter 1 General introduction 

Lipids 

Lipids are small hydrophobic or amphiphilic molecules that are vital for many biological functions. Due 

to their amphiphilic properties, phospholipids serve as structural building blocks for cellular membranes 

and are capable of forming transport vesicles. Additionally, lipids can serve as signaling molecules in 

various cell signaling pathways and they are used as fuel for the cell due to their high amount of 

contained energy (1,2).  

Lipids such as cholesterol are important components of cell membranes but are also used as intermediate 

factors in signaling or digestion such as hormones (e.g. estrogen) or bile acids (e.g. 27-

hydroxycholesterol) (3). Other lipids such as triglycerides are primarily used as fuel due to the high 

energy content of their long chain fatty acids (1).  

 

Lipid trafficking 

Lipids are either obtained through the diet or synthesized de novo within tissues (Figure 1) (4). When 

gained through the diet lipids are first packaged into large transport vesicles known as chylomicrons 

and absorbed by the gut into the bloodstream before they are ultimately taken up by the liver. In the 

liver de novo synthesized and dietary lipids are either stored or processed further into cholesterol and 

triglycerides containing Very Low-Density Lipoprotein (VLDL) particles. These VLDL particles then 

carry cholesterol and triglycerides to extrahepatic tissues. While doing so they shed triglycerides which 

are subsequently taken up by adipose tissues. As the amount of triglycerides drops compared to the 

cholesterol present within the VLDL particle it is then referred to as Low Density Lipoprotein (LDL) 

(5). LDL is then taken up by extrahepatic tissues using the LDL membrane receptor which recognizes 

the apolipoprotein B-100 that is imbedded in the membrane of LDL (6). The LDL particle is 

subsequently processed in the lysosomes of the cell which are organelles with low internal pH 

containing several hydrolytic enzymes (e.g. lipase, Cathepsin D) that degrade many types of 

biomolecules such as lipids or proteins (7-9). Once broken down by the lysosome, cholesterol and fatty 

acids are then transported out of the lysosome through specialized transporter proteins such as Niemann-

Pick type C1(10). Free cholesterol and fatty acids can subsequently be used by the cell to build 

membranes or as signaling molecules. In addition, they can be stored as reserve or be further broken 

down as a source of energy in the mitochondria. Metabolites resulting from the breakdown of 

cholesterol such as the bile acid precursor 27-HC as well as excess free cholesterol can also be 

transferred out of the cell through the ATP Binding Cassette-transporters (ABC-transporters) and by 

means of High-Density Lipoprotein (HDL) particles be transported back to the liver for disposal through 

the bile (11,12).  
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Figure 1: Lipid trafficking 

 

Oxidized LDL  

As lipids are vital to the normal functioning of cells, disturbances of their metabolic processing (due to 

excessive intake through the diet, impaired motility due to genetic deficiencies or structural changes), 

can lead to improper functioning of the cell and consequently to diseases development. Alterations to 

lipids through oxidation leads to poor cellular function and disease. The oxidation of lipids can occur 

in situations of increased oxidative stress (13). Oxidative stress results from an out-of-balance 

production of reactive oxygen species (ROS), which are by-products of cellular metabolism, generated 

in particular by mitochondrial respiration (14). Normal cellular levels of ROS are known to play an 

active role in modulating a variety of cell signaling pathways that for example govern growth, 

angiogenesis and metabolism. Whereas low physiological levels of ROS are preserved through active 

scavenging by antioxidants, high levels of ROS, which occur if the production of ROS exceeds the 

scavenging capacity of antioxidants, result in oxidative stress. Oxidative stress leads to damage to 

several cellular macromolecules such as proteins, DNA and lipids (15,16). In case of the latter, changes 

can be induced in lipids carried by circulating lipoproteins as well as in the lipoproteins. Through this 

process of exposure to ROS, low-density lipoproteins (LDL) can become susceptible to oxidative 
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modifications, for instance in plasma or when retained in the artery wall, leading to conversion of LDL 

into oxLDL (Figure 2) (17). Once LDL is converted into oxLDl it is no longer recognized by the LDL 

receptor but is instead taken up by LOX-1, Cluster of differentiation 36 (CD36) or other scavenger 

receptors due to modifications to the B-100 protein (18). Increased levels of oxLDL are strongly 

correlated to various (metabolic) diseases.  

 

 

Figure 2: oxLDL formation 

27-hydroxycholesterol  

While lipid oxidation can take place in the plasma as exemplified with oxLDL, oxidized lipids also 

occur intracellularly with some of them performing various actions including cell signaling. One of 

these intracellularly modified lipids is 27-hydroxycholesterol (27HC), an oxysterol that plays an 

important role in the bile acid synthesis pathway and is the most abundant of all oxysterols found in the 

circulation. 27HC is produced by the mitochondrial enzyme cyp27a1 in extrahepatic tissues (19). In the 

liver 27HC is converted into 7-α-hydroxycholesterol (7αHC) by cypb1 leading to production of 

chenodeoxycholic acid (CDCA) (20). While high concentrations of 27HC are found in foamy 

macrophages and in atherosclerotic plaques, it is reduced in npc1 mutant fibroblasts (19,21). We have 

previously shown that 27HC can reduce both lysosomal cholesterol and cholesterol crystals in 

macrophages potentially leading to reduction of hepatic inflammation in LDLR ko mice (22). In 

addition, 27HC is known to act as a selective estrogen receptor modulator (SERM) (23). The mechanism 

of how 27HC modulates inflammation and how estrogen receptors play into this is not yet known. 
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Cathepsin D 

Oxidized lipids such as oxLDL are known to negatively impact proper functioning of the lysosome and 

its components (24). The lysosome is an important cellular component involved in metabolic processes. 

Such process includes breakdown of nutrients into usable metabolites and building blocks for the cell. 

These breakdown processes are mediated by various enzyme families among which are the cathepsins 

(9). Cathepsin D is an aspartic protease synthesized in the rough endoplasmic reticulum and is thereafter 

transferred to the lysosomes. Cathepsin D activity leads to the metabolic breakdown of intracellular 

proteins, cell signaling and apoptosis. While cathepsin D is mostly active in the acidic milieu of the 

lysosomes, it is known to be secreted into the extracellular space in certain pathological conditions (25). 

For instance, changes in the lysosomal pH or accumulation of poorly degradable lipids such as oxLDL 

in the lysosomes are known to release cathepsin D into the circulation (26). Relevantly, it has been 

shown that extracellular cathepsin D activity is not only associated with metabolic-inflammatory 

disorders such as atherosclerosis and NAFLD but also cancer (25,27). Cathepsin D is known to be 

associated with breast cancer and is thought to contribute to malignancy through breakdown of 

extracellular matrix thereby facilitating metastasis and increase proliferation through its indirect 

mitogenic effects (28,29). 

 

Nonalcoholic steatohepatitis and oxLDL 

Among diseases commonly associated with dysregulated lipid metabolism is nonalcoholic 

steatohepatitis (NASH). Similar to nonalcoholic fatty liver disease (NAFLD) NASH is characterized 

by accumulation of lipids in the liver. However, unlike NAFLD, in NASH intrahepatic lipid 

accumulation is accompanied by intrahepatic inflammation, other complications associated with NASH 

are cirrhosis and hepatocellular carcinoma (HCC). Currently, the prevalence of NAFLD is estimated to 

be 25% world-wide, predominantly in the West, with NASH making up 5% of the world population 

(30,31). Clinicians face major challenges in diagnosing and treating NASH as the exact underlying 

mechanisms triggering hepatic inflammation are still largely unknown. We have previously 

demonstrated an association between hepatic inflammation and lysosomal lipid accumulation inside 

resident Kupffer cells (KCs) and in blood-derived macrophages (22,32,33). This observation was 

confirmed by the presence of cholesterol-loaded KCs in the livers of NASH patients, strengthening the 

notion that lysosomal lipid storage in hepatic macrophages may be a potential mechanism for NASH 

(34). In line with our data, others have shown that incubating macrophages with oxLDL in vitro resulted 

in the accumulation of cholesteryl esters (CEs) and free cholesterol in the lysosome, which suggests the 

possibility of oxLDL being directly involved in lysosomal lipid-induced inflammation (35,36). 

Furthermore, our previous data also suggests that lysosomal enzymes such as cathepsin D strongly 

correlate with lipid-induced inflammation in NASH. Here intracellular accumulation of lipids including 



Chapter 1 

12 
 

oxLDL are thought to destabilize lysosomal membranes leading to secretion of lysosomal enzymes such 

as cathepsin D into the plasma which are then thought to contribute to inflammation through unknown 

pathways (37). 

 

Niemann-Pick type C1 and oxLDL 

Niemann-Pick type C1 (NPC1), is a rare genetic disorder in which the function of the lysosomal 

membrane protein NPC1 is compromised, making it unable to shuttle cholesterol out of the lysosome. 

Due to a mutation in this gene, the intracellular trafficking of cholesterol is impaired leading to serious 

complications such as liver failure, splenomegaly, impairment of motor and cognitive functions all 

resulting in early death. While lysosomal lipid accumulation has been identified to be the main 

contributor to the NPC1 disease, other factors such as oxidative stress, apoptosis and inflammation have 

all been shown to be present and also contribute to disease progression (38). In line, cholesterol 

oxidation products which are enriched in oxLDL, are increased in plasma of in NPC1 disease patients. 

In a previous study, we studied the contribution of oxLDL to the disease progression of NPC1 by 

administering a vaccine to increase anti-oxLDL IgM autoantibodies in an NPC1 disease mouse model. 

The results showed improvement of systemic and neurological symptoms in vaccinated mice as seen 

from improved hepatic phenotype, including reduced liver lipid accumulation and inflammation as well 

as delayed regression of motor skills, reduced neuroinflammation and improved cerebellar phenotype 

compared to control-treated mice (38). Overall, our data indicate that targeting oxLDL is a promising 

approach to treat dyslipidemia related diseases. 

 

Cancer and oxLDL 

Cancer is characterized by abnormal uncontrolled cell growth along with the potential to spread to other 

distant tissues and is among the highest occurring diseases worldwide with 18 million new cases in 

2018 alone (39). Dysregulated lipid metabolism is among the many risk factors for cancer development. 

High plasma lipids or metabolic diseases with hyperlipidemia such as obesity and NASH are all found 

to be correlated to increased cancer incidence. Due to this connection between lipids and cancer, there 

has been an increasing number of studies and clinical trials looking into the targeting of lipid 

metabolism as a means of preventing or treating cancer in recent years. Importantly, oxLDL has also 

been implicated in many aspects of cancer ranging from involvement in carcinogenesis due to its 

damaging effects on DNA, cancer progression by increasing cell proliferation or migration and cancer 

therapy where limited data point to its ability to reduce treatment efficacy (39). 
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Thesis aim and outline 

In this thesis, we aimed to explore the role of oxidized lipids with a primary focus on oxLDL in the 

pathophysiology of metabolic diseases such as NASH, NPC1 and cancer. A variety of in vitro, in vivo 

and clinical study methods were employed to assess the disease progression markers affected by oxLDL 

or derivatives thereof such as inflammation, metabolism and response to treatment. In addition, we also 

sought to validate the use of antibodies against oxLDL as a promising readily-available therapeutic tool 

to prevent the detrimental effects of oxLDL. 

Chapter 2 explores the direct effects of oxLDL on the inflammatory status of macrophages, which are 

thought to be the main drivers of inflammation in diseases featuring dyslipidemia, as well as verifying 

the ability of anti-oxLDL antibodies to prevent these effects. Chapter 3, is an in vitro study aimed at 

evaluating the effects of cathepsin D (CTSD) inhibition on the oxLDL mediated modulation of 

inflammation in macrophages in order to explore its therapeutic viability. Chapter 4 covers a novel 

attribute of a promising oxidized lipid (27-hydroxycholesterol) with lipid lowering therapeutic potential 

that shows different effects in men versus women. The current state of our understanding of the effects 

of oxLDl in cancer is laid out in chapter 5 and an in vitro study covered in chapter 6 aimed to further 

elucidate the metabolic effects of oxLDL in cancer. In addition, chapter 7 showcases preliminary results 

of ongoing in vivo studies looking into therapeutic potential of targeting oxLDL through immunization 

in a cancer model of NASH-derived hepatocellular carcinoma. Finally, chapter 8 discusses the overall 

conclusions of this thesis and addresses open questions that can be further investigated in future research 

in this context. 
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Abstract 

Despite the consistent rise of non-alcoholic steatohepatitis (NASH) worldwide, the mechanisms that 

govern the inflammatory aspect of this disease remain unknown. Previous research showed an 

association between hepatic inflammation and lysosomal lipid accumulation in blood-derived hepatic 

macrophages. Additionally, in vitro findings indicated that lipids, specifically derived from the oxidized 

low-density lipoprotein (oxLDL) particle, are resistant to removal from lysosomes. On this basis, we 

investigated whether lysosomal lipid accumulation in blood-derived hepatic macrophages is causally 

linked to hepatic inflammation and assessed to what extent increasing anti-oxLDL IgM autoantibodies 

can affect this mechanism. By creating a proof-of-concept mouse model, we demonstrate a causal role 

for lysosomal lipids in blood-derived hepatic macrophages in mediating hepatic inflammation and 

initiation of fibrosis. Furthermore, our findings show that increasing anti-oxLDL IgM autoantibody 

levels reduces inflammation. Hence, therapies aimed at improving lipid-induced lysosomal dysfunction 

and blocking oxLDL-formation deserve further investigation in the context of NASH. 
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Introduction 

Analogous to the steep rise of obesity and diabetes, the prevalence of non-alcoholic fatty liver disease 

(NAFLD) is currently estimated at 25% to 45% in the general population1,2. NAFLD encompasses a 

spectrum of liver diseases that are histologically categorized in nonalcoholic fatty liver (NAFL) and 

non-alcoholic steatohepatitis (NASH) 3. Whereas hepatic steatosis without hepatic injury is referred to 

as NAFL, NASH is defined by a conjunction of steatosis and inflammation, which presents with or 

without fibrosis 3. Though the development of inflammation paves the way for advanced liver diseases, 

the mechanisms underlying the hepatic inflammatory response are largely unknown. As this lack of 

mechanistic understanding is a key antecedent for the lack of well-defined effective therapies, it is of 

utmost importance to improve the knowledge regarding the mechanisms triggering hepatic 

inflammation. 

 

Previous research from our group indicated an association between hepatic inflammation and lysosomal 

lipid accumulation inside resident Kupffer cells (KCs) as well as in blood-derived macrophages4-6. 

This relation was confirmed by the presence of cholesterol-accumulating KCs in livers of NASH 

patients, bolstering the notion of lysosomal lipid storage in hepatic macrophages as a potential 

mechanism for NASH 7. Also, it has been shown that incubating macrophages with oxLDL in vitro 

results in the lysosomal accumulation of cholesteryl esters (CEs) and free cholesterol, suggesting a 

direct role for oxLDL in mediating lysosomal lipid-induced inflammation 8,9. Of note, excessive 

accumulation of lipids in the lysosomal compartment of cells also occurs in the context of Niemann-

Pick type C1 (NPC1) disease. Characterized by hepatosplenomegaly, foam cell formation and hepatic 

inflammation, NPC1 patients exhibit features resembling NASH 10. Therefore, it becomes evident that 

the pathology of lysosomal lipid accumulation is not limited to lysosomal lipid storage diseases such as 

NPC1, but also plays a role in other lipid-associated inflammatory diseases such as NASH. 

 

Previously, it has been demonstrated that oxLDL and the bacterium Streptococcus pneumoniae exhibit 

molecular mimicry for the phosphorylcholine (PC) epitope, a major target for naturally occurring 

immunoglobulin M (IgM) antibodies. Immunizing mice with heat-killed Streptococcus pneumoniae has 

been shown to increase anti-oxLDL IgM autoantibodies and to reduce atherosclerotic lesion formation 

11 and hepatic inflammation 5 in low-density lipoprotein receptor knockout (Ldlr-/-) mice. Unlike 

acetylated LDL (acLDL) and native LDL, injection of oxLDL in hyperlipidemic mice showed increased 

lysosomal lipid accumulation in hepatic macrophages, corroborating the detrimental effect of oxLDL 

in promoting inflammation by disturbing the physiology of the lysosome 6. Altogether, several studies 

indicate that accumulation of oxLDL and associated lipids in lysosomes of macrophages is associated 

with increased inflammation. However, none of these studies provide specific evidence that lysosomal 
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storage of lipids in hepatic macrophages can be a mechanistic trigger for inflammation in NASH. 

Moreover, to what extent oxLDL contributes to lysosomal lipid accumulation-induced hepatic 

inflammation has to our knowledge never been investigated. 

 

Here, we investigated whether lysosomal lipid accumulation in blood-derived hepatic macrophages is 

a mechanistic trigger for hepatic inflammation and assessed to what extent anti-oxLDL IgM 

autoantibodies can affect this mechanism. For this purpose, lysosomal lipid accumulation in blood-

derived hepatic macrophages was generated by transplanting bone marrow of Npc1-mutant (Npc1mut) 

or wildtype (Npc1wt) mice into Ldlr-/- mice on a high-fat, high-cholesterol (HFC) diet for 12 weeks. 

To investigate the specific contribution of oxLDL on lysosomal lipid-induced hepatic inflammation, 

mice were immunized with heat-killed Streptococcus pneumoniae 5,11. This study describes lysosomal 

lipid accumulation in blood-derived hepatic macrophages as a novel mechanism that triggers hepatic 

inflammation. Moreover, our findings suggest a role for oxLDL in mediating lysosomal lipid-induced 

hepatic inflammation.  
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Methods 

Mice, bone marrow transplantation, immunization, and diet 

Niemann-Pick type C1nih mutant (Npc1mut) mice (a kind gift from Prof. Dr. Lieberman from 

University of Michigan Medical School) were backcrossed into a C57BL/6 background for more than 

10 generations. Npc1mut and Ldlr-/- mice were housed under standard conditions and had access to 

food and water ad libitum. Experiments were performed according to Dutch regulations and approved 

by the Committee for Animal Welfare of Maastricht University.  

To generate myeloid Npc1mut deficient Ldlr-/- mice, bone marrow transplantations were performed. 

Twenty-two week-old female Ldlr-/- mice received antibiotic water containing neomycin (100 mg/l; 

Gibco, Breda, the Netherlands) and 6*104 U/l polymycin B sulphate (Gibco, Breda, the Netherlands) 

one week before and four weeks after irradiation. One day before and on the day of the transplantation, 

Ldlr-/- mice were lethally irradiated with 6 Gray of γ-radiation, thus receiving 12 Gray in total. Lethally 

irradiated Ldlr-/- mice were then injected with 1*107 bone marrow cells donated from either Npc1mut 

mice or wildtype littermate controls (Npc1wt). In order to fully ensure bone marrow replacement, mice 

had a nine week recovery period. After nine weeks of recovery, transplanted (-tp) mice received a high-

fed, high-cholesterol (HFC) diet, containing 21% butter and 0.2% cholesterol (diet 1635; Scientific 

Animal Food and Engineering, Villemoissonsur-Orge, France) for 12 weeks. Five weeks after bone 

marrow transplantation, mice were divided into three groups. One group received the equivalent of 108 

colony-forming units of heat-killed R36A (unencapsulated Streptococcus pneumoniae) emulsified in 

200 µl sterile 0.9% NaCl for the primary subcutaneous immunization. Subsequently, two intraperitoneal 

booster immunizations were administered every two weeks. The two other control groups received an 

0.9% NaCl injection only. From the start of the diet, intraperitoneal booster immunizations were 

administered every three weeks. An overall overview of the experimental set-up is depicted in 

Supplementary Fig. S4 online. 

 Liver tissue was isolated and snap-frozen in liquid nitrogen and stored at -80°C or fixed in 4% 

formaldehyde/PBS. The biochemical determination of plasma cholesterol and liver triglyceride levels, 

electron microscopy, RNA isolation, complementary DNA synthesis, quantitative polymerase chain 

reaction and auto-antibody titers against anti-oxLDL IgM antibodies are described extensively 4,5,43-

46. Liver cholesterol levels were quantified as described previously 47. 
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Bone marrow-derived macrophages 

Bone marrow-derived macrophages (BMDMs) were isolated from the tibiae and femurs of wildtype 

and Npc1mut mice. Cells were cultured in RPMI-1640 (GIBCO Invitrogen, Breda, the Netherlands) 

with 10% heat-inactivated fetal calf serum (Bodinco B.V. Alkmaar, the Netherlands), penicillin (100 

U/ml), streptomycin (100 μg/ml) and L-glutamine 2 mM (all GIBCO Invitrogen, Breda, the 

Netherlands), supplemented with 20% L929-conditioned medium (LCM) for 8–9 days to generate 

BMDMs. After attachment, Npc1mut macrophages were seeded at 350,000 cells per well in 24-well 

plates and incubated for 24h with oxLDL (25 μg/ml; Alfa Aesar: J65591, Wardhill, MA, USA), with 

or without anti-oxLDL EO6 antibodies (Avanti Polar Lipids, Alabaster, AL, USA). Wildtype 

macrophages underwent a similar procedure, but did not receive the EO6 antibodies. Then cells were 

washed and stimulated with lipopolysaccharide (LPS; 100 ng/ml) for 3h (wildtype cells) or 4h 

(Npc1mut cells). Finally, supernatant was collected for protein measurements and cells were lysed for 

mRNA expression analysis.  

 

Statistical analysis 

Data were statistically analyzed by performing two-tailed non-paired t-tests using GraphPad Prism, 

version 6.0 for Windows. Data were expressed as the mean ±SEM and considered significant at p < 

0.05. *, ** and *** indicate p < 0.05, 0.01 and 0.001 respectively. Additional explanation is provided 

in Supplementary Information. 
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Results 

Lysosomal lipid accumulation in blood-derived hepatic macrophages results in a severe hepatic 

pathological phenotype 

To ensure successful bone marrow replacement, bone marrow efficiency was assessed. Transplantation 

of both wildtype and Npc1mut bone marrow approximated an efficiency of 90% (Supplementary Table 

S1 online), proving the bone marrow transplantation successful.  

Furthermore, to confirm the successful transplantation at the microscopic level, hepatic tissues were 

subjected to electron microscopy analysis. As pointed out by the lower magnification, livers from 

Npc1mut-tp mice demonstrated dense clusters of macrophages which resembled granuloma-like 

structures. These structures were absent in Npc1wt-tp mice, indicating that these structures are related 

to the NPC1 mutation (Fig. 1A). Also, the majority of resident KCs were located adjacent to the large 

granulomas, containing various numbers of small lipid inclusions (resembling cholesterol crystals 

(Supplementary Fig. S1 online)). No detectable differences in phenotype between non-immunized and 

immunized Npc1mut-tp mice were observed. 

  

Figure 1: Hepatic phenotype of Npc1 wt-tp and Npc1 mut-tp mice and IgM autoantibody titers in plasma. (A) Representative electron 

microscopy pictures of resident (Kupffer cell) and bone marrow-derived macrophages of Npc1 wt-tp (scale bar 2 μm) and control or 

immunized Npc1 mut-tp mice (scale bar 10 μm). Area within the dashed line: Npc1 mut granuloma; K: Kupffer cell. (B,C) IgM EO6 antibodies 

(B) and IgM antibodies to copper-oxidized (CuOx)LDL (C) were measured in plasma of mice with or without immunization at a dilution of 

1:100. Data are expressed as relative light units (RLU)/100 ms. n = 10–11 mice/group. Asterisks indicate significant difference from non-

immunized Npc1 mut-tp mice by use of two-tailed unpaired t test. ***p < 0.001. All error bars are SEM. 
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Relevantly, these granuloma structures were also visible at higher microscopic magnification by H&E 

staining (Supplementary Fig. S2 online). Also, relative liver and spleen weights were dramatically 

increased in mice transplanted with Npc1mut bone marrow compared to Npc1wt-tp mice, confirming 

the severe pathological phenotype (Supplementary Fig. S2 online). After immunization, both relative 

liver and spleen weight decreased in immunized Npc1mut-tp compared to control-treated Npc1mut-tp, 

suggesting that inhibition of oxLDL uptake by macrophages ameliorates the pathological phenotype. 

 

Increased anti-oxLDL IgM autoantibody titers after heat-killed pneumococci immunization  

To determine whether immunization with heat-killed Streptococcus pneumoniae was performed 

successfully, IgM autoantibody levels were measured in the plasma. Immunization with heat-killed 

pneumococci resulted in an increase of plasma IgM antibodies of the EO6/T15 idiotype (Fig. 1B), which 

bind oxLDL by specifically recognizing the phosphorylcholine epitope 12. In line, increased IgM 

antibodies against copper-oxidized LDL (Cu-oxLDL) were detected in immunized mice compared to 

control mice (Fig. 1C). Thus, immunization with heat-killed pneumococci induced a modest anti-

oxLDL IgM autoantibody production in Npc1mut-tp mice, confirming successfulness of the 

immunization. 

 

Disturbances in lipid metabolism are partly restored after elevation of anti-oxLDL IgM 

autoantibody levels 

To determine the effect of lysosomal lipid accumulation in hepatic macrophages on lipid metabolism, 

we examined cholesterol and triglyceride levels in liver and plasma. Whereas hepatic cholesterol levels 

were elevated in Npc1mut-tp mice compared to Npc1wt-tp mice, immunization of Npc1mut-tp mice 

decreased hepatic cholesterol, indicating improved hepatic cholesterol metabolism upon immunization 

(Fig. 2A). In contrast, plasma cholesterol levels reduced by almost 50% in Npc1mut-tp mice compared 

to Npc1wt-tp mice, but did not differ between immunized and non-immunized Npc1mut-tp mice (Fig. 

2B). Detailed investigation of the size of the hepatic granulomas by means of CD68 staining confirmed 

the presence of granulomas in Npc1mut-tp mice, while being absent in Npc1wt-tp mice (Fig. 2C-D). 

Additionally, immunizing Npc1mut-tp mice with heat-killed pneumococci resulted in a strong decrease 

of granuloma size, suggesting oxLDL as an important compound in disturbing cholesterol metabolism 

in this model (Fig. 2C-D). 
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Figure 2: Lipid parameters. (A,B) Hepatic and plasma cholesterol levels of Npc1 wt-tp and control-treated or immunized Npc1 mut-tp 

mice on HFC diet. (C) Quantification of CD68 staining by measuring CD68 positive area. (D) Representative histological pictures of the 

CD68 staining (200x magnification). (E,F) Hepatic and plasma triglyceride levels. (G) Plasma free fatty acids. (H) Hepatic gene expression 

analysis of Cd36, Npc2 and Abcg1, Sr-a and Abca1. n = 9–11 mice/group. Gene expression data are set relative to Npc1 wt-tp mice. Asterisks 

indicate significant difference from non-immunized Npc1 wt-tp and Npc1 mut-tp mice by use of two-tailed unpaired t test. *, ** and *** 

indicate p < 0.05, 0.01 and 0.001 resp. All error bars are SEM. TC, total cholesterol; TTG, total triglycerides. 
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Furthermore, hepatic triglyceride levels were decreased in Npc1mut-tp mice compared to Npc1wt-tp 

mice and remained similar between immunized and control-treated Npc1mut-tp mice (Fig. 2E). 

Analogous to hepatic triglycerides, similar trends were observed in plasma triglyceride and free fatty 

acid levels (Fig. 2F-G).  

To further define the influences on hepatic lipid metabolism, hepatic expression of genes involved in 

lipid homeostasis was examined. Compared to Npc1wt-tp mice, Npc1mut-tp mice showed increased 

gene expression levels of Cluster of differentiation 36 (Cd36), Scavenger receptor A (Sr-a), Niemann-

Pick type C2 (Npc2) and ATP-binding cassette transporter G1 (Abcg1), confirming disturbance of lipid 

metabolism (Fig. 2H). Furthermore, though no differences were observed in gene expression levels of 

the ATP-binding cassette transporter A1 (Abca1) (Fig. 2H), expression levels of all other markers were 

reduced upon R36A immunization of Npc1mut-tp mice, strengthening the importance of oxLDL to the 

disturbances in lipid metabolism in this model. Altogether, these results imply an important contribution 

of oxLDL to lysosomal lipid-induced disturbances in lipid metabolism. 

 

 

OxLDL contributes to lysosomal lipid-induced hepatic inflammation 

To determine whether lysosomal lipid accumulation in blood-derived macrophages is a trigger for 

hepatic inflammation, hepatic cryosections were stained for the inflammatory markers Mac-1 

(infiltrated macrophages and neutrophils; against Cd11b) and NIMP (neutrophils). Number of cells 

expressing both inflammatory markers was increased in Npc1mut-tp mice compared to Npc1wt-tp 

mice, supporting our hypothesis that lysosomal lipid accumulation in blood-derived macrophages is a 

direct trigger for hepatic inflammation (Fig. 3A-B). Additionally, increasing circulating anti-oxLDL 

IgM autoantibodies reduced Mac-1- and NIMP-positive cell levels (Fig. 3A-C). These inflammatory 

findings were confirmed by performing hepatic gene expression analysis of the inflammatory markers 

integrin alpha M (Itgam), tumor necrosis factor alpha (Tnfα), interleukin 12 (Il12), CXC chemokine 

receptor-4 (Cxcr4), monocyte chemoattractant protein 1 (Mcp1), Caspase-1 and CC chemokine 

receptor-2 (Ccr2) (Fig. 3D). Relevantly, while single, just infiltrated macrophages were positive for 

Mac-1, macrophages present inside the large granulomas of the Npc1mut-tp group were Mac-1-

negative (Fig. 3C). This observation revealed that blood-derived hepatic macrophages lose the Cd11b 

phenotypic marker over time. 
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Figure 3: Parameters of hepatic inflammation. (A,B) Liver sections were stained for both infiltrating macrophages and neutrophils (Mac-

1) and neutrophils solely (NIMP) and counted. (C) Representative images of the Mac-1 staining (magnification × 200) after HFC feeding of 

Npc1 wt-tp and control-treated or immunized Npc1 mut-tp mice for 12 weeks. (D) Hepatic gene expression analysis of Itgam, Tnfα, Il12, 

Cxcr4, Mcp1, Caspase-1 and Ccr2. Gene expression data were set relative to Npc1 wt-tp mice. n = 9–11 mice/group. Asterisks indicate 

significant difference from non-immunized Npc1 wt-tp and Npc1 mut-tp mice by use of two-tailed unpaired t test. *p < 0.05; **p < 0.01; 

***p < 0.001. All error bars are SEM. 

 

To confirm the pro-inflammatory properties of oxLDL in bone marrow-derived macrophages 

(BMDMs), wildtype BMDMs were incubated with oxLDL for 24 hours, followed by 3 hour stimulation 

with lipopolysaccharide (LPS). Gene expression levels of the pro-inflammatory markers Tnfα and 

Mcp1 were increased upon oxLDL incubation, confirming the pro-inflammatory effect of oxLDL in 

BMDMs (Supplementary Fig. S3 online). Next, to explore the specific contribution of anti-oxLDL IgM 

autoantibodies to lysosomal lipid-induced inflammation in blood-derived macrophages, we isolated 

Npc1mut BMDMs and stimulated these with oxLDL, in the absence or presence of the anti-oxLDL 

antibody EO6. In the presence of EO6 antibodies, Npc1mut BMDMs stimulated with oxLDL 

demonstrated reduced inflammation, as indicated by reduced TNFα protein levels and reduced Tnfα 

and Ccr2 gene expression (Fig. 4).  
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Figure 4: EO6-treatment reduced oxLDL-induced inflammation in Npc1 mut BMDMs. TNFα protein levels (A) and gene expression of 

inflammatory-related genes Tnfα and Ccr2 (B) after oxLDL loading of Npc1 mut BMDMs in absence or presence of anti-oxLDL EO6 

antibodies. All data represent n = 3 (triplicates) for each experimental group. Asterisks indicate significant difference from non-immunized 

Npc1 wt-tp and Npc1 mut-tp mice by use of two-tailed unpaired t test. *p < 0.05; ***p < 0.001. All error bars are SEM. 

 

Combining the in vivo and in vitro data, these results reveal for the first time that lysosomal lipid 

accumulation in blood-derived macrophages is a mechanistic trigger for lipid-induced hepatic 

inflammation. On top, these data identify an essential role for oxLDL in mediating these inflammatory 

effects. 

 

Increasing anti-oxLDL IgM autoantibodies attenuates initiation of hepatic fibrosis in mice 

carrying lysosomal-lipid storing hepatic macrophages  

As hepatic fibrosis is a key symptom of active NASH 13, we investigated whether the inflammatory 

trigger of lysosomal lipid accumulation in blood-derived hepatic macrophages can initiate hepatic 

fibrosis. Hepatic collagen levels, characterized by Sirius Red staining, were elevated in Npc1mut-tp 

mice compared to Npc1wt-tp mice (Fig. 5A-B), as indicated by the increased collagen formation 

surrounding the granulomas (Fig. 5B). R36A immunization of Npc1mut-tp mice showed a trend 

towards a decrease in the level of fibrosis (Fig. 5A). Furthermore, these histological findings were 

confirmed by gene expression levels of the fibrotic markers, transforming growth factor beta (Tgf-β) 

and tissue inhibitor of metalloproteinase-3 (Timp3) (Fig. 5C). Altogether, these data suggest that 

oxLDL can initiate hepatic fibrosis by contributing to lysosomal lipid accumulation in blood-derived 

hepatic macrophages. 
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Figure 5: Parameters of hepatic fibrosis. (A) Quantification of Sirius Red (collagen) staining. (B) Representative pictures of Sirius Red 

staining (original magnification, 100x) of Npc1 wt-tp mice and Npc1 mut-tp mice with or without immunization on an HFC diet for 3 months. 

(C) Gene expression analysis of the fibrosis markers, Tgf-β and Timp3. n = 9–11 mice/group. Gene expression data are shown relative to Npc1 

wt-tp mice by use of two-tailed unpaired t test. *p < 0.05; **p < 0.01; ***p < 0.001. All error bars are SEM. 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

32 
 

Discussion 

Currently, the mechanisms underlying NASH are poorly understood, restricting the development of 

well-defined, effective therapies. Previously, an association was demonstrated between murine hepatic 

inflammation and lysosomal lipid accumulation in hepatic macrophages4-6. Here, we prove that 

lysosomal lipid accumulation in blood-derived hepatic macrophages is a direct trigger for hepatic 

inflammation and initiates fibrosis. Moreover, our results show that increasing anti-oxLDL IgM 

autoantibody levels improves inflammation and lipid metabolism, suggesting that oxLDL plays a key 

role in mediating hepatic inflammation by promoting lipid accumulation in lysosomes of blood-derived 

hepatic macrophages. Therefore, this study provides additional insights into the inflammatory 

mechanisms driving NASH. Therapies aimed at improving lipid-induced lysosomal dysfunction and 

blocking the formation of oxLDL should therefore be investigated in the future. 

 

Whereas initially viewed as the cell’s degradation center, it has become increasingly clear that the 

lysosome constitutes a central role in regulating a plethora of physiological processes 14. Specifically, 

upon accumulation of macromolecules (including lipids), lysosomes gradually lose their proteolytic and 

regulatory function, leading to disturbances in processes related to apoptosis, autophagy, calcium 

homeostasis, protein folding and, above all, metabolism and inflammation 15. Indeed, severely 

increased inflammation was observed in NPC1 16 and Wolman 17 disease patients, both lysosomal 

lipid storage disorders (LSDs), thereby linking lipid storage to inflammation. Likewise, previous studies 

by us and others have demonstrated an association between hepatic inflammation and lysosomal lipid 

accumulation 5,6,18. Building on this previous knowledge, we here demonstrate for the first time that 

lysosomal lipid storage in blood-derived hepatic macrophages can be viewed as an actual trigger for 

hepatic inflammation and initiates fibrosis, two central features of NASH. Our data also imply that 

oxLDL contributes to this hepatic inflammatory mechanism. As such, we propose that lysosomal 

accumulation of oxLDL-derived lipids is a trigger for NASH.  

 

The observation that elevations in anti-oxLDL IgM autoantibody levels could partly protect from the 

inflammatory phenotype observed in Npc1mut-tp Ldlr-/- mice suggests that an important fraction of 

lysosomal lipids in blood-derived hepatic macrophages originates from oxLDL particles. In line, while 

circulating levels of oxLDL were reported to represent 0.001% of native LDL in healthy individuals 

19, oxLDL levels were shown to increase up to 1.8% in patients with the metabolic syndrome 20. 

Relevantly, 7β-hydroxycholesterol and 7-ketocholesterol, the main cholesterol oxidation products 

present inside oxLDL particles 21,22, were previously linked to inflammatory processes, suggesting 

that cholesterol oxidation products contained in the oxLDL particle are responsible for eliciting 

inflammation 23,24. Also, oxLDL-induced formation of cholesterol crystals was demonstrated to 
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induce lysosomal membrane permeabilization 25-27. Lysosomal membrane permeabilization and the 

subsequent release of lysosomal enzymes into the cytoplasm is a known prerequisite for activation of 

the inflammasome 28, increased apoptosis 29 and of necrotic cell death 30, three pathways leading to 

increased hepatic inflammation. In line with these observations, blood-derived hepatic Npc1mut 

macrophages exhibited ruptured membrane structures, suggesting that cholesterol oxidation products 

induced lysosomal permeabilization in these macrophages resulting in hepatic inflammation. However, 

more evidence is needed to prove the actual contribution of cholesterol oxidation products to lysosomal 

permeabilization. Furthermore, to what extent oxLDL levels in our mouse model are comparable to 

oxLDL levels in NASH patients is not completely clear. Nevertheless, as both NASH patients 31 and 

Npc1-/--tp Ldlr-/- mice (described by Zhang et al. 32) show increased levels of plasma oxidized lipids, 

our mouse model can be considered a proper model to investigate the contribution of oxidized lipids to 

the human NASH situation. Oxidation of lipids were also shown to occur within lysosomes 33. 

Therefore, it is likely that the immunized Npc1mut-tp group still contains internally oxidized lipid 

products within lysosomes, which contribute to the hepatic inflammatory response.  

 

Besides cholesterol oxidation products, other components present inside or in the surface monolayer of 

oxLDL particles have also been associated with inflammatory responses. For example, oxidized 

phopspholipids and their highly reactive degradation product malondialdehyde, two lipid products 

identified on the surface of the oxLDL particle 34,35, have been identified in NASH patients 31,36,37. 

Furthermore, other lipids such as free cholesterol, cholesteryl esters, proteins and their oxidized 

derivatives have been identified in oxLDL 24. Additionally, while next to oxidized lipids also other 

non-oxidized cholesterol products contribute to the observed pathology, the finding that targeting 

specifically oxidized LDL leads to significant improvements in liver pathology provides evidence for 

an essential role for oxLDL in mediating lysosomal lipid-induced hepatic inflammation. Therefore, 

future research should aim to identify and provide detailed knowledge of the lipids specifically 

contained in oxLDL particles as this might lead to the identification of novel therapeutic targets for 

NASH.  

 

Of note, besides oxLDL, also apoptotic cells expose the PC-epitope which is recognized by IgM 

autoantibodies described in this manuscript 38. As increased apoptosis has often been associated with 

increased levels of hepatic inflammation 39,40, it is possible that elevations in IgM autoantibody levels 

reduced hepatic inflammation in our model via increased clearance of apoptotic cells, rather than 

preventing the uptake of oxLDL by hepatic macrophages.  
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The current study also describes that blood-derived hepatic macrophages, which exhibited lysosomal 

lipid accumulation due to a NPC1 mutation, lose the CD11b phenotypic marker (indicative for 

hematopoietic origin 41) and gain the CD68 phenotypic marker (indicative for resident KCs 41) after 

infiltration in the liver, suggesting that blood-derived macrophages have phenotypically switched into 

resident KCs. Additionally, embryonically-derived resident KCs displayed intracellular cholesterol 

crystal formation and engulfed the granulomas (which appeared to be the result of a clustering of blood-

derived hepatic macrophages carrying the NPC1 mutation). Therefore, the inability to eliminate the 

inflammatory stimulus (which is derived from the granulomas created by blood-derived hepatic 

macrophages) in the liver is likely due to a combination of dysfunctional blood-derived hepatic 

macrophages as well as the lack of a functional repertoire of resident embryonically-derived KCs to 

overcome this insult. Indeed, under inflammatory conditions, blood-derived tissue-resident 

macrophages were shown to dominate the inflammatory response in tissues 42. Therefore, the findings 

of the current study indicate that functional blood-derived hepatic macrophages are essential to 

overcome lipid challenges in the liver and suggest that improving the lysosomal function in 

macrophages (from hematopoietic or embryonic origin) can be beneficial for NASH. 

 

Although a bone marrow-specific NPC1 mutation was used in this study, the phenomenon of lysosomal 

lipid accumulation in hepatic macrophages in NASH patients is not necessarily the result of a deficiency 

of the Npc1 gene, but rather a consequence of a prolonged exposure of lipids to the liver. Furthermore, 

patients suffering from NASH traditionally show increased hepatic levels of cholesterol and 

triglycerides 2, while our model only showed elevations in hepatic cholesterol levels. Therefore, the 

mouse model described in this study should be considered a proof-of-concept mouse model for the 

involvement of lysosomal lipid storage in blood-derived hepatic macrophages to hepatic inflammation 

and fibrosis rather than a mouse model exactly mimicking the human situation of NASH.  

 

Conclusions 

In conclusion, we demonstrate here for the first time that lipid accumulation in lysosomes of blood-

derived hepatic macrophages is a key trigger of hepatic inflammation and mediates initiation of fibrosis. 

Furthermore, increasing anti-oxLDL IgM autoantibody levels ameliorated the pathological phenotype, 

suggesting a key role for oxLDL in this process. Hence, therapies aimed at improving lipid-induced 

lysosomal dysfunction and blocking the formation of oxLDL should be further investigated in the 

context of NASH and might be of relevance for other metabolic inflammatory disorders.  
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Supplemental Figures 

  

Supplemental Figure 1: Hepatic phenotype of Npc1mut-tp mice. The formation of cholesterol crystals was observed in Kupffer cells 

(indicated by the arrows) that engulfed the granuloma-like structures in Npc1mut-tp mice. 
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Supplemental Figure 2: Hepatosplenic pathological phenotype in Npc1mut-tp Ldlr-/- mice. (A) General histology of the liver by an 

HE staining of Npc1wt-tp mice and non-immunized and immunized Npc1mut-tp mice. Arrows indicate macrophage granulomas. (B) Relative 

liver and spleen weights. n = 9-11 mice/group. Asterisks indicate significant difference from non-immunized Npc1wt-tp and Npc1mut-tp mice 

by use of two-tailed unpaired t test. * p < 0.05; *** p < 0.001. All error bars are SEM. R36A, unencapsulated Streptococcus pneumoniae. 
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Supplemental Figure 3: Pro-inflammatory properties of oxLDL in BMDMs. Gene expression levels of the pro-inflammatory markers 

Tnfα and Mcp1 after oxLDL loading of wildtype BMDMs. Data are the result of three independent experiments. Asterisks indicate significant 

difference from control-treated BMDMs by two-tailed unpaired t test. * p < 0.05; ** p < 0.01. All error bars are SEM.  

 

 

 

 

 

 

Supplemental Figure 4: Schematic overview of experimental set-up. 
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Abstract 

Due to the obesity epidemic, non-alcoholic steatohepatitis (NASH) is a prevalent liver disease, 

characterized by fat accumulation and inflammation of the liver. However, due to a lack of mechanistic 

insight, diagnostic and therapeutic options for NASH are poor. Recent evidence has indicated cathepsin 

D (CTSD), a lysosomal enzyme, as a marker for NASH. Here, we investigated the function of CTSD 

in NASH by using an in vivo and in vitro model. In addition to diminished hepatic inflammation, 

inhibition of CTSD activity dramatically improved lipid metabolism, as demonstrated by decreased 

plasma and liver levels of both cholesterol and triglycerides. Mechanistically, CTSD inhibition resulted 

in an increased conversion of cholesterol into bile acids and an elevated excretion of bile acids via the 

feces, indicating that CTSD influences lipid metabolism. Consistent with these findings, treating Wt 

BMDMs with PepA in vitro showed a similar decrease in inflammation and an analogous effect on 

cholesterol metabolism. Conclusion: CTSD is a key player in the development of hepatic inflammation 

and dyslipidemia. Therefore, aiming at the inhibition of the activity of CTSD may lead to novel 

treatments to combat NASH. 
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Introduction 

Due to the increasing obesity epidemic, non-alcoholic fatty liver disease (NAFLD) has emerged as the 

most important liver disease in the world 1. NAFLD comprises a spectrum of liver diseases ranging 

from benign hepatic steatosis to more advanced liver diseases such as cirrhosis and fibrosis, which 

eventually might result in liver failure and death. The combination of steatosis and inflammation is 

referred to as non-alcoholic steatohepatitis (NASH). NASH is a disease stage that can further progress 

into such advanced liver diseases, underscoring the value of preventing/treating the inflammatory aspect 

of NAFLD. Currently, the etiology and mechanisms leading to obesity-induced liver inflammation are 

not clear, resulting in the lack of well-defined effective therapies 2,3.  

 

Using mice lacking the low-density lipoprotein receptor (Ldlr-/-), we previously demonstrated a 

positive correlation between hepatic inflammation and cholesterol accumulation in lysosomes of 

Kupffer cells (KCs) 4,5. Moreover, lysosomal enzymes such as cathepsin D (CTSD) are increasingly 

recognized for their involvement in inflammatory responses 6,7. Whereas it was initially believed that 

proteases such as CTSD were only involved in non-specific protein degradation inside acidic 

lysosomes, research of the past decade has indicated that CTSD has a wide spectrum of functions, both 

of physiological and pathological nature 8,9. Under pathological inflammatory conditions, CTSD has 

been associated with distinct disorders such as rheumatoid arthritis, Alzheimer’s disease, 

atherosclerosis and inflammatory bowel disease (IBD) 10-13. Furthermore, recent data also revealed a 

correlation between hepatic inflammation and the activity and expression of CTSD in the liver 14-16. 

Relevantly, plasma CTSD levels correlated with different stages of NAFLD17. These data suggest the 

involvement of lysosomes, and more specifically the lysosomal enzyme CTSD, in mediating the 

inflammatory response in NASH. However, despite the established relationship between lysosomes and 

inflammation as well as the awareness of an association between the lysosomal enzyme CTSD and 

hepatic inflammation, the exact function of CTSD in the context of NASH has not yet been investigated.  

 

In the current study, we hypothesized that proteolytic inhibition of CTSD leads to reduced 

steatohepatitis. To induce NASH, Ldlr-/- mice were put on a high-fat, high-cholesterol (HFC) diet for 

three weeks. This model was chosen due to its close resemblance with a human-like lipoprotein profile 

combined with the presence of hepatic inflammation, thereby serving as a physiological model to study 

NASH 18. To examine whether inhibition of CTSD decreases hepatic inflammation, Ldlr-/- mice were 

injected with pepstatin A (PepA), an inhibitor of aspartyl proteases, for three weeks or only in the final 

week of the experiment. In agreement with our hypothesis, inhibition of the proteolytic activity of CTSD 

reduced hepatic inflammation. Remarkably, proteolytic inhibition of CTSD dramatically improved lipid 

and lipoprotein metabolism, which is demonstrated by decreased plasma and liver levels of both 
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cholesterol and triglycerides. Mechanistically, CTSD inhibition resulted in an increased conversion of 

cholesterol into bile acids as well as an elevated excretion of bile acids via the feces, indicating that 

CTSD influences lipid metabolism. Consistent with these findings, treating wildtype (Wt) bone 

marrow-derived macrophages (BMDMs) with PepA showed a similar decrease in inflammation and an 

analogous effect on cholesterol metabolism. These data demonstrate for the first time a key regulatory 

role for CTSD in lipid metabolism in the development of NASH. Hence, aiming at the modulation of 

CTSD activity in NASH holds therapeutic promise and should be further investigated in the future.  
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Methods 

Mice, diet and intervention  

Experiments were performed according to the Dutch regulation and approved by the Committee for 

Animal Welfare of Maastricht University. Ldlr-/- mice on a C57BL/6 background were housed under 

standard conditions and given free access to food and water. Female 12 week-old Ldlr-/- mice were fed 

either regular chow or a high-fat, high-cholesterol (HFC) diet (SAFE, Augy, France) for 3 weeks and 

were divided in three groups (n = 11 for each group). The HFC diet contained 21% milk butter, 0.2% 

cholesterol, 46% carbohydrates and 17% casein. To examine whether proteolytic inhibition of CTSD 

would decrease hepatic inflammation, Ldlr-/- mice were injected intraperitoneally with pepstatin A 

(PepA; 50 µg/g body weight; P5318, Sigma, Zwijndrecht, the Netherlands), a proteolytic inhibitor of 

aspartyl proteases. Mice were injected with DMSO (8%) or PepA two times every week. An overview 

of all experimental groups is depicted in Supplementary Fig. S1. Collection of blood and tissue 

specimens, fluorescence-activated cell sorting (FACS), liver histology, plasma alanine transaminase 

levels (ALT), RNA isolation, cDNA synthesis and qPCR were determined as described previously 

4,15,41,42. 

 

Bone marrow-derived macrophages (BMDMs) 

BMDMs were isolated from the tibiae and femurs of C57BL/6 mice. Cells were cultured in RPMI-1640 

(GIBCO Invitrogen, Brede, the Netherlands) with 10% heat-inactivated fetal calf serum (Bondinco B.V. 

Alkmaar, the Netherlands), penicillin (100 U/ml), streptomycin (100 µg/ml) and L-glutamine 2 mM 

(GIBCO Invitrogen, Breda, the Netherlands), supplemented with 20% L929-conditioned medium 

(LCM) for 8-9 days to generate BMDMs. After attachment, macrophages were seeded at 350,000 cells 

per well in 24-well plates and incubated for 24h with oxLDL (25 µg/ml) or medium (control). 

Afterwards, cells were washed and exposed to PepA (10µg/ml; dissolved in DMSO) or DMSO (0.06%) 

for 4h. Next, cells were washed and stimulated with or without LPS (100 ng/ml) for 4h. Finally, 

conditioned medium was used for enzyme-linked immunosorbent assays and cells were lysed for 

mRNA expression analysis. All in vitro data are the result of at least three independent experiments. 

 

Statistical analysis 

Data were statistically analyzed by performing two-tailed unpaired t test and Area Under the Curve 

(AUC) analysis using GraphPad Prism version 6 for Windows. Data were expressed as the mean and 

standard error of the mean (SEM) and were considered significantly different compared to control-

treated mice on chow diet (* p ≤ 0.05; ** p < 0.01; *** p < 0.001) and compared to control-treated mice 
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on HFC diet (# p ≤ 0.05; ## p < 0.01; ### p < 0.001). Pearson correlation coefficients (r) and respective 

p values were calculated to assess the statistical significance of the correlation. 

Additional explanation is provided in the Supplementary Information. 

 

Results 

Decreased systemic and hepatic inflammation in Ldlr-/- mice after inhibition of CTSD 

To elucidate the systemic immune effects of proteolytic inhibition of CTSD, blood leukocyte levels 

were determined via fluorescence-activated cell sorting after two weeks and at the end of the 

experiment. Administration of PepA for one week to Ldlr-/- mice on HFC diet resulted in a significant 

decrease of blood leukocyte, B and CD4+ T cells after 3 weeks (Fig. 1A and Supplementary Fig. S2). 

Though not significant, similar trends were also observed for T cells, monocytes, NK cells, Ly6Chigh 

monocytes, Ly6cint monocytes, Ly6Clow monocytes and CD8+ T cells, confirming the reduced 

systemic inflammatory phenotype after proteolytic inhibition of CTSD (Fig. 1A and Supplementary 

Fig. S2). In contrast, no statistical differences were observed in blood granulocyte levels between the 

groups (Supplementary Fig. S2). 
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Figure 1: Parameters of systemic and hepatic inflammation in control- and PepA-injected mice. (A) Absolute levels of leukocyte, T cell, 

monocyte and B cell populations at week 2 and 3 of the experiment. (B) Liver sections were stained for infiltrating macrophages and 

neutrophils (Mac-1), T cells (CD3) and resident monocytes/macrophages (CD68). Positive cells were counted (infiltrated 

macrophages/neutrophils and T cells) or scored (CD68). (C,D) Representative pictures of the Mac-1 (C) and CD68 staining (D) (original 

magnification, 200x). (E) Gene expression analysis of Tnfα, Ccl2, Caspase1 and Cd68. Data are shown relative to control mice on chow diet. 

Error bars represent ± SEM; *indicates p ≤ 0.05 and ***p < 0.001 compared to mice on chow diet; #indicates p ≤ 0.05 and ### p < 0.001 

compared to control-injected mice on HFC diet by use of two-tailed unpaired t test; for FACS n = 4 animals per group and for 

immunohistochemistry and gene expression n = 8–11 animals per group. 
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To determine the effect of the proteolytic inhibition of CTSD on hepatic inflammation, 

immunohistochemical stainings were performed on liver sections for the inflammatory cell markers 

Mac-1, CD3, CD68 and F4/80. Quantification of all immunohistochemical stainings showed no effect 

of one week PepA treatment on hepatic inflammation in Ldlr-/- mice on HFC diet at histological level 

(Fig. 1B-D and Supplementary Table S1). This observation was also confirmed by H&E-staining (see 

Supplementary Fig. S3A-B). Additionally, plasma alanine transaminase levels, indicative for liver 

damage, did not change upon one week PepA treatment (data not shown). 

 

As inflammatory changes at histological level usually require administration of the therapeutic agent 

for more than one week before these effects can be observed 19-21, we also performed hepatic gene 

expression analysis on the inflammatory markers tumor necrosis factor alpha (Tnfα), chemokine (C-X-

C motif) ligand-2 (Ccl2), Caspase1, cluster of differentiation 68 (Cd68), interleukin-12 (Il12) and 

vascular cell adhesion protein (Vcam). As shown in Fig. 1E, Supplementary Fig. S3D and 

Supplementary Table S1, when Ldlr-/- mice on HFC diet were treated with PepA for one week, hepatic 

gene expression levels of Tnfα, Ccl2, Caspase1, Cd68 and VCAM were significantly reduced compared 

to control-treated Ldlr-/- mice on HFC diet (Fig. 1E). A similar trend was also observed for hepatic 

gene expression of IL12 and for the M2 markers cluster of differentiation 206 (Cd206), Early growth 

response protein 2 (Egr2) and ratio of inducible nitric oxide (iNos) and arginase 1 (Arg1) (see 

Supplementary Fig. 3C and Supplementary Table S1). Accordingly, hepatic protein levels of the 

inflammatory cytokines TNFα and IL12 were also reduced upon PepA administration (see 

Supplementary Table S1), indicating CTSD as a contributing compound in evoking the hepatic 

inflammatory response. Moreover, when injected over the total three weeks, Ldlr-/- mice showed a 

nearly significant decrease of hepatic T cell levels, which was combined with an even stronger reduction 

of hepatic inflammatory markers at gene and protein expression level (see Supplementary Table S1). 

Altogether, these data demonstrate that inhibition of the proteolytic site of CTSD in Ldlr-/- mice reduces 

the development of systemic inflammation and hepatic inflammatory gene expression, thereby pointing 

to a pro-inflammatory role of CTSD. 
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Improved hepatic lysosomal function after inhibition of intracellular and circulating CTSD is 

linked to hepatic inflammation in Ldlr-/- mice 

To investigate the effect of PepA on hepatic lysosomal function in diet-induced hepatic inflammation, 

plasma and hepatic CTSD activity as well as the activity the lysosomal enzyme acid phosphatase (AP) 

were measured in total liver. Treating Ldlr-/- mice on HFC diet with PepA for one week resulted in a 

striking decrease of plasma CTSD activity compared to control-treated mice (Fig. 2A). Furthermore, 

PepA-treated Ldlr-/- mice on HFC diet demonstrated a reduction in hepatic CTSD activity (Fig. 2B). 

In contrast, one week PepA-treatment did neither affect plasma nor hepatic cathepsin E (CTSE) activity 

(Supplementary Fig. 4A-B). Collectively, these results indicate that PepA is a proteolytic inhibitor of 

intracellular and circulating CTSD. Of note, while Ldlr-/- mice on a HFC diet showed increased plasma 

and hepatic CTSD activity compared to Ldlr-/- mice on chow diet (Fig. 2A-B), when compared to Wt 

mice on HFC diet, plasma CTSD (and not hepatic CTSD) activity increased in HFC-fed Ldlr-/- mice 

(data not shown). These data suggest that circulating CTSD likely plays the most important role in 

developing hepatic inflammation. 

 

 

Figure 2: Parameters of lysosomal function in control- and PepA-injected mice. (A,B) Plasma (A) and hepatic (B) activity of CTSD. (C) 

Hepatic gene expression analysis of Ctsd. Data are shown relative to control mice on chow diet by use of two-tailed unpaired t test. (D) Plasma 

levels of CTSD. (E–G) Correlation between plasma levels of CTSD and hepatic gene expression of Tnfα, Ccl2 and Caspase1 by Pearson 

correlation. Error bars represent ± SEM. **Indicates p < 0.01 and ***p < 0.001 compared to mice on chow diet; #indicates p ≤ 0.05, ## p < 0.01 

and ### p < 0.001 compared to control-injected mice on HFC diet by use of two-tailed unpaired t test. n = 9–11 animals in each group. For 

correlation analysis, n = 4 animals on chow diet and n = 10 for mice on HFC diet. 
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Subsequently, the activity of acid phosphatase (AP) was measured in the liver. Although total hepatic 

AP activity was similar among all groups, control-treated mice on a HFC diet for 3 weeks showed 

reduced levels of lysosomal AP activity compared to mice on chow diet, confirming lysosomal 

dysfunction upon HFC diet (see Supplementary Fig. S4C-D). In contrast, PepA-treated Ldlr-/- mice on 

HFC diet demonstrated elevated levels of hepatic lysosomal AP activity compared to control mice on 

HFC diet (see Supplementary Fig. S4D). To confirm these effects on lysosomal function, hepatic gene 

expression was measured for the lysosomal enzymes cathepsin D (Ctsd), cathepsin S (Ctss) and Ap. As 

shown in Fig. 2C and Supplementary Fig. S4E, hepatic gene expression of Ctsd, Ctss and Ap returned 

to chow levels after inhibition of CTSD, confirming the rebalancing of lysosomal function after CTSD 

inhibition. Additionally, to validate whether plasma CTSD levels correlate with the level of hepatic 

inflammation, plasma CTSD levels were measured. Ldlr-/- mice on an HFC diet showed increased 

levels of plasma CTSD levels, whereas mice that received the PepA treatment, showed reduced plasma 

CTSD levels (Fig. 2D). Moreover, hepatic gene expression levels of the inflammatory markers Tnfα, 

Ccl2 and Caspase1 correlated significantly with plasma levels of CTSD (Fig. 2E), underlining the link 

between hepatic inflammation and plasma CTSD levels. Together, these data reveal that proteolytic 

inhibition of intracellular and circulating CTSD improves diet-induced hepatic lysosomal dysfunction, 

which is connected to hepatic inflammation in Ldlr-/- mice. 

 

Improved lipid and lipoprotein metabolism in PepA-treated Ldlr-/- mice on HFC diet 

To determine whether inhibition of CTSD affects lipid metabolism, plasma and hepatic lipid levels were 

measured. Whereas plasma cholesterol and triglycerides were elevated upon feeding an HFC diet, 

administration of PepA significantly decreased both cholesterol and triglycerides in the plasma (Fig. 

3A-B). As shown in the fast protein liquid chromatography (FPLC) profiles, the reductions of both 

lipids were mainly attributed to a decrease in the VLDL fraction (see Supplementary Fig. S5A-D). 

Similar to plasma cholesterol and triglyceride levels, hepatic cholesterol and triglyceride levels were 

also elevated in control-treated Ldlr-/- mice on a HFC diet and decreased upon treatment with PepA 

(Fig. 3C-D). These changes in hepatic lipid levels were confirmed by Oil red O staining (Fig. 3E and 

Supplementary Fig. S5E) and are in line with the changes observed in the relative liver weights of these 

mice (Supplementary Fig. S5F).  
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Figure 3: Plasma and hepatic lipids in hyperlipidemic mice with or without PepA-treatment. (A,B) Plasma total cholesterol and triglyceride 

measurements. (C,D) Total hepatic cholesterol and hepatic triglyceride measurements. (E) Representative pictures (original magnification, 

200x) of the Oil red O staining. (F) Gene expression analysis of Cd36, Npc2, Lxrα and Ppar-γ. Gene expression data are shown relative to 

control mice on chow diet. Error bars represent ± SEM; *indicates p ≤ 0.05, **p < 0.01 and ***p < 0.001 compared to mice on chow diet; 

#indicates p ≤ 0.05, ## p < 0.01 and ### p < 0.001 compared to control-injected mice on HFC diet by use of two-tailed unpaired t test. n = 9–

11 animals for each group analysis. 

 

To further define the influences of PepA-mediated CTSD inhibition on hepatic lipid metabolism, 

hepatic gene expression analysis was performed on markers involved in lipid homeostasis. Compared 

to control-injected Ldlr-/- mice on HFC diet, PepA administration resulted in reduced gene expression 

levels of Cluster of differentiation 36 (Cd36), Niemann-Pick C2 (Npc2) and Liver X receptor alpha 

(Lxrα), suggesting a reduced uptake, intralysosomal presence and efflux of cholesterol in these mice 
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respectively (Fig. 3F). In addition, peroxisome proliferator-activated receptor gamma (Ppar-γ) 

expression levels, a lipid-activated transcription factor of genes controlling lipid metabolism, were also 

decreased upon PepA administration, indicating a dramatic improvement in lipid homeostasis (Fig. 3F).  

 

As the proteolytic inhibition of CTSD also appeared to influence hepatic cholesterol metabolism, 

hepatic synthesis and degradation of cholesterol were investigated in more detail. Inhibition of CTSD 

by PepA decreased hepatic cholesterol synthesis, as shown by measurements of hepatic desmosterol 

levels (Fig. 4A). This finding was confirmed by gene expression levels of the rate-limiting enzyme for 

cholesterol synthesis, 3-hydroxy-3-methyl-glutaryl-Coenzyme A reductase (HmG-CoAR) (Fig. 4B). 

Besides cholesterol synthesis, also cholesterol degradation was affected upon inhibition of CTSD. 

Specifically, whereas also 27-hydroxcholesterol (27HC; see Supplementary Fig. S6A) levels were 

nearly significantly elevated, the conversion of cholesterol into 7 alpha-hydroxycholesterol (7αHC) was 

significantly increased in PepA-injected Ldlr-/- mice on a HFC diet compared to control-injected mice 

on HFD diet (Fig. 4C). In line, hepatic gene expression levels of the cytochrome P450 7A1 (Cyp7a1) 

enzyme, responsible for this conversion, were elevated in PepA-treated Ldlr-/- mice on a HFC diet, 

corroborating increased cholesterol degradation after inhibition of CTSD (Fig. 4D). Furthermore, 

whereas plasma and hepatic bile acid levels remained unaffected (see Supplementary Fig. S6B and 

S6C), PepA-treatment increased fecal bile acid (significant) (Fig. 4E) and cholesterol (not significant) 

levels (Fig. 4F). Overall, these data indicate that inhibition of CTSD activity results in increased bile 

acid synthesis eventually leading to excretion via the feces, thereby indicating an effect of CTSD on 

lipid metabolism. 
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Figure 4: Hepatic de novo synthesis and degradation of cholesterol. (A,C) Hepatic concentrations of desmosterol (A) and 7 alpha-

hydroxycholesterol (7αHC; C). Both values are shown relative to the hepatic cholesterol concentrations. (B,D) Gene expression analysis of 

HmG-CoAR and Cyp7a1. (E,F) Fecal bile acid (E) and cholesterol levels (F). Both measurements are relative to mg dry weight of the fecal 

sample. Gene expression data are shown relative to control mice on chow diet. Error bars represent ± SEM; *indicates p ≤ 0.05 and 

***p < 0.001 compared to mice on chow diet; #indicates p ≤ 0.05, ## p < 0.01 and ### p < 0.001 compared to control-injected mice on HFC 

diet by use of two-tailed unpaired t test; n = 11 for each group. DCA, deoxycholic acid; CA, cholic acid; CDCA, chenodeoxycholic acid; 

UDCA, ursodeoxycholic acid; αMCA, α-muricholic acid; βMCA, β-muricholic acid. 

 

Inhibition of the proteolytic function of CTSD reduces inflammation in oxLDL-loaded BMDMs 

In order to explore the specific role of macrophages on the reduced inflammatory response upon CTSD 

inhibition, bone marrow cells of Wt mice were isolated, differentiated to macrophages and incubated 

with oxLDL for 24 hr. Subsequently, cells were treated with PepA for 4hr, followed by 4 hr stimulation 

with lipopolysaccharide (LPS). Upon incubation with PepA, cytokine levels of the pro-inflammatory 

marker TNFα, measured in the supernatant of the BMDMs, were significantly reduced compared to 
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carrier (dimethyl sulfoxide (DMSO))-treated cells (Fig. 5A, left panel). Additionally, cytokine levels of 

the anti-inflammatory marker IL10 increased after PepA treatment (Fig. 5A, right panel), confirming 

the reduction in inflammation upon PepA treatment and the pro-inflammatory properties of CTSD in 

lipid-induced inflammation (as CTSE activity was also here not affected by PepA (see Supplementary 

Fig. S7). In line, Tnfα gene expression measured in BMDMs showed a decrease after PepA treatment. 

A similar trend was also observed for the expression of Ccl2, but this did not reach statistical 

significance (Fig. 5B, right panel). The aggregated in vitro findings are in line with a reduction in 

hepatic inflammation upon PepA treatment, and by extension a pro-inflammatory action of CTSD. 

 

  

Figure 5: Gene expression and cytokine levels of oxLDL-loaded bone marrow-derived macrophages (BMDM) treated with PepA. (A) 

TNFα and IL10 cytokine secretion in supernatant of Wt mouse BMDMs, exposed to oxLDL for 24 hr and, subsequently, treated with or 

without PepA (4 hr) and LPS (4 hr). (B,C) Gene expression analysis of Tnfα, Ccl2, Cd36, HmG-CoAR and Cyp27a1 measured in Wt mouse 

BMDMs. Gene expression data are shown relative to DMSO-treated BMDMs. All data represent the mean value of three or four independent 

experiments (with n = 13-16 per group). Error bars represent ± SEM; *indicates p ≤ 0.05, **p < 0.01 and ***p < 0.001 compared to DMSO-

treated bone marrow-derived macrophages by use of two-tailed unpaired t test. 
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To study whether the PepA-dependent reduction in inflammation was accompanied by an improvement 

in cholesterol metabolism, gene expression analysis was performed for Cd36, Cyp27a1 and HmG-

CoAR. In line with the hepatic in vivo gene expression data, cholesterol uptake (Cd36) and synthesis 

(HmG-CoAR) were reduced, though not significant, after PepA treatment in BMDMs. Next, Cyp27a1, 

the main enzyme responsible for the degradation of cholesterol in macrophages, appeared to be 

upregulated, indicating higher levels of cholesterol degradation in BMDMs (Fig. 5C). Thus, oxLDL-

loaded BMDMs demonstrate a reduced inflammatory response upon proteolytic inhibition of CTSD, 

likely caused by an improved cholesterol metabolism. 

 

Discussion 

A major impediment to the development of well-defined, effective therapies for NASH has been the 

lack of understanding the mechanisms leading to the inflammatory component of this disorder. In the 

current study, we show for the first time that the lysosomal enzyme CTSD is a key player in the 

pathogenesis of NASH. Mechanistically, our data suggest that the pro-inflammatory function of CTSD 

is tied to a regulation of general lipid metabolism. In addition, we provide evidence for the central role 

of macrophages in exerting the lipid-induced effects of CTSD in the liver. These findings unravel CTSD 

as a promising, novel target for the treatment of NASH. 

 

While CTSD was shown to have anti-inflammatory properties in the context of neutrophils 22, ample 

evidence points towards the pro-inflammatory effects of CTSD. In human intestinal epithelial cells and 

a mouse model for IBD, it was shown that activation of the lysosomal enzyme CTSD contributes to 

intestinal inflammation 12,23,24. Furthermore, inhibition of CTSD and CTSS reduced cardiovascular 

inflammation and attenuated atherosclerotic lesion progression, reiterating the contribution of 

cathepsins to pathological inflammatory responses 7,11,25,26. Notably, in the aforementioned IBD and 

atherosclerotic studies, the pro-inflammatory effects of CTSD were suggested to be derived from 

macrophages 7,12,23,24. Indeed, lysosomal enzymes in macrophages appear to play a critical role in 

withstanding the lipid challenge in obesity-induced inflammatory processes 27,28. In line, cytokine 

release was reduced in oxLDL-loaded BMDMs treated with PepA, substantiating the contribution of 

macrophages to CTSD-mediated hepatic inflammation. Surprisingly, hepatic macrophage levels 

(indicated by CD68 quantification) were not reduced after CTSD inhibition. Potential explanations for 

this finding might be a delayed egress of macrophages from the liver upon resolution of inflammation 

21 or due to a prolonged half-life of macrophages 20,29. Relevantly, while we demonstrate a positive 

correlation between hepatic CTSD expression and hepatic inflammation, Fukuo et al. showed reduced 
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levels of hepatic CTSD in NAFLD patients 14. However, these patients were not evaluated for the 

presence of inflammation and, thereby, cannot be used to link hepatic inflammation to reduced CTSD 

expression. Together, our current observations are in line with a causal relation between lipid-induced 

lysosomal dysfunction in hepatic macrophages and the level of inflammation in the liver 15. Thus, our 

data point towards a pivotal role for macrophage-derived CTSD in the development of hepatic 

inflammation.  

Relevantly, proteolytic inhibition of CTSD resulted in reduced cholesterol and triglyceride levels in 

plasma and liver. This finding suggests that the improved NASH-phenotype in PepA-treated Ldlr-/- 

mice is due to an effect of CTSD on lipid metabolism. In agreement with this finding, prevention of the 

proteolytic activation of the lysosomal enzyme acid sphingomyelinase was shown to reduce cholesterol 

and triglyceride levels in the liver 30. Therefore, the influence of CTSD on lipid metabolism, as 

observed in this study, might not be unique to CTSD, but could rather be a shared mechanism of several 

lysosomal enzymes to control lipid homeostasis. In support of this concept, a deficiency in the gene 

encoding for CTSD results in a specific type of Batten disease, a disorder which is characterized by the 

cellular accumulation of lipid-containing residues 31,32. 

There is considerable evidence contributing to the concept that a disturbance in bile acid metabolism 

interferes with cholesterol and, by extension, triglyceride metabolism. For example, a deficiency in the 

enzyme CYP7A1 was shown to lead to a hypercholesterolemic phenotype 33, which is in line with our 

results that showed the same inverse relation between Cyp7a1 and plasma cholesterol levels. Of note, 

patients with CYP7A1 deficiency were also reported to be hypertriglyceridemic. In agreement, 

triglyceride homeostasis and bile acid metabolism were revealed to be closely intertwined by regulation 

of farnesoid X receptor (FXR) and small heterodimer partner (SHP) on sterol regulatory element-

binding protein (SREBP-1c), which is a known transcription factor of fatty acid and cholesterol 

synthesis 34,35. Similar to cholesterol levels, plasma and liver triglyceride levels in our study were 

inversely correlated with 7αHC levels, the first precursor of the classical pathway of bile acid formation. 

In addition, hypertriglyceridemia has been associated with increased systemic inflammation 36. 

Therefore, the overall observed effects on lipid metabolism in our study might be explained by a direct 

link between CTSD and bile acid metabolism. In agreement with this concept, though bile acids levels 

in plasma and liver were similar, fecal levels were dramatically increased after CTSD inhibition. 

Therefore, our data indicate that modulation of CTSD has the potential to increase bile acid excretion, 

resulting in reduced lipid levels in hyperlipidemic conditions (Fig. 6).  
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Figure 6: Schematic overview illustrating the proposed by which CTSD 

participates in the development of hepatic inflammation. Based on findings of the 

current study, increased levels of CTSD lead to a disturbance in lipid metabolism, 

which is known to result in increased plasma cholesterol (hypercholesterolemia) 

and triglyceride (hypertriglyceridemia) levels. Consequently, 

hypercholesterolemia and hypertriglyceridemia can lead to hepatic inflammation. 

 

The observation that both plasma (circulating) and hepatic 

(intracellular) CTSD activity were decreased after PepA 

inhibition suggests that the results in this study are derived 

from intra- and extracellular effects of CTSD. Indeed, 

intracellular CTSD-induced apoptosis was demonstrated to induce inflammation in the liver 37. 

Therefore, though the strongest decrease in activity was observed in the circulating fraction of CTSD, 

the observed effects are likely a combination of the modulation of intra- and extracellular CTSD. 

Furthermore, besides CTSD, PepA can also inhibit the aspartyl protease CTSE, renin and pepsin, 

arguing the specificity for CTSD. Renin- and pepsin are proteases found in the kidney (renin) and 

digestive system (pepsin). As the reductions in inflammation were also observed in vitro, it is unlikely 

that either of them are involved in the observed effects in this study. Additionally, CTSE activity was 

unaffected in plasma, liver and BMDMs after PepA treatment, suggesting that the observed effects are 

mainly related to the inhibition of CTSD. Yet, it cannot be completed excluded that, PepA also 

influenced other processes that contributed to the observed inflammatory effects in this study.  

 

Enhancing lysosomal exocytosis in several lysosomal storage diseases strongly reduced substrate 

accumulation, suggesting a pivotal role for this mechanism in the setting of cellular homeostasis 38. In 

the context of lipid storage, exocytosis of lysosomes may be a compensatory mechanism to ‘dump’ 

undigested lipids into the extracellular space as well as an elegant way to conduct signaling to protect 

the cell from lipid overload. In line with this concept, elevated plasma CTSD levels in mice on HFC 

diet were diminished after reduction of liver lipid levels. As such, the excretion of lysosomal enzymes 

may be a secondary consequence of a survival mechanism to protect the cell from lipid overload. 

Furthermore, changes in lysosomal pH have been shown to alter processing and secretion of CTSD 39. 

Notably, intracellular accumulation of poorly degradable, oxidized lipid-protein cross-links was shown 

to alter the turnover of CTSD, leading to mistargeting of CTSD into the extracellular space 40. These 

data suggest that, by targeting specifically the circulating fraction of CTSD, lipid levels may be 

adjusted.  
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In summary, our study elucidates a key role for CTSD in the development of NASH. Our data suggest 

a novel mechanism by which CTSD affects lipid metabolism. Future studies are necessary to determine 

the exact underlying mechanisms explaining the observed effect in this study and whether other 

lysosomal enzymes possess similar effects as CTSD. Taken together, targeting CTSD has the potential 

to become an auspicious, therapeutic strategy for NASH. 
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Supplemental figures 

 

 

Supplemental Figure 1: Overview of all experimental groups of the in vivo experiment. Arrows indicate time of i.p. injection. 
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Supplemental Figure 2: Blood leukocyte profile of granulocytes, NK cells, the monocyte subpopulations (Ly6Chigh, Ly6Cint and 

Ly6Clow) and T cell subpopulations (T-helper (CD4) and cytotoxic T cell (CD8)) by use of two-tailed unpaired t test. Error bars represent ± 

SEM. * Indicates p < 0.05 compared to mice on chow diet and # p < 0.05 compared to control-injected mice on HFC diet. n = 4 animals per 

group. ns, not significant.  
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Supplemental Figure 3: (A) General histology of the liver by a hematoxylin and eosin staining of control- and PepA-injected mice 

on a chow or HFC diet (original magnification, 200x). (B) Scoring for inflammation of H&E staining. (C) Hepatic gene expression analysis 

of IL12 and Vcam. Data are shown relative to control mice on chow diet by use of two-tailed unpaired t. Error bars represent ± SEM.  * 

Indicates p ≤ 0.05, ** p < 0.01 and *** p < 0.001 compared to mice on chow diet; # indicates p < 0.05 compared to control-injected mice on 

HFC diet. n = 8-11 animals per group. ns, not significant. 
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Supplemental Figure 4: (A, B) Hepatic (A) and plasma (B) activity of CTSE. (C, D)) Total and lysosomal activity of the lysosomal 

enzyme acid phosphatase (AP) in the liver of control- and PepA-injected mice. (E) Hepatic gene expression analysis of Ctss and Ap. Data are 

shown relative to control mice on chow diet by use of two-tailed unpaired t test. Error bars represent ± SEM. *** Indicates p < 0.001 compared 

to mice on chow diet; # indicates p ≤ 0.05 compared to control-injected mice on HFC diet by use of two-tailed unpaired t test. n= 9-11 animals 

in each group. 
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Supplemental Figure 5: (A, B) Using FPLC, plasma lipid and lipoprotein profiles were analyzed in all experimental groups. Sera of 

mice were pooled, creating n = 4 for each experimental condition. On the chromatogram, the X-axis represents the fractions present in the 

mixture as a peak, thereby identifying the different components of the mixture. On the Y-axis, the amount of the different fractions can be 

read (mM). (C, D) Quantification of plasma cholesterol (C) and triglycerides (D) fractions. (E) Quantification of the Oil Red O staining. (F) 

Relative liver weight of control- and PepA-injected mice on a chow or HFC diet. * Indicates p < 0.05, ** p < 0.01 and *** p < 0.001 compared 

to mice on chow diet; # indicates p < 0.05 and ## indicates p < 0.01 compared to control-injected mice on HFC diet by use of the two-tailed 

unpaired t test. Error bars represent ± SEM. 
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 Supplemental Figure 6: (A) Hepatic concentration of 27-hydroxycholesterol (27HC) by use of two-tailed unpaired t. (B) Plasma bile 

acid levels. (C) Total hepatic bile acid levels. Error bars represent ± SEM. *** Indicates p < 0.001 compared to mice on chow diet. Plasma 

bile acid levels data are pooled from 11 mice, thereby creating n = 4 for each experimental group; n= 9-11 animals in each group. DCA, 

deoxycholic acid; CA, cholic acid; CDCA, chenodeoxycholic acid; UDCA, ursodeoxycholic acid; αMCA, α-muricholic acid; βMCA, β-

muricholic acid. 
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Supplemental Figure 7: CTSE activity in BMDMs. Error bars represent ± SEM (n = 3) 
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 Supplementary Table S1: Hepatic inflammation after 1 or 3 weeks of pepstatin A treatment 

 
*Indicates p < 0.05 and *** p < 0.001 compared to mice on chow diet; # indicates p ≤ 0.05, ## p < 0.01 and ### p < 0.001 compared to 

control-injected mice on HFC diet; a indicates p = 0.06 and b indicates p = 0.09 compared to control-injected mice on HFC diet by use of two-

tailed unpaired t test. Standards of error represent ± SEM. 

 

 

 

 

 Chow HFC 

 Control Control PepA (1w) PepA (3w) 

Histology     

Infiltrating macrophages and 

neutrophils (Mac1)                       

(# positive cells/mm2) 

32.58 ± 5.191 122.7 ± 11.71*** 124.6 ± 13.33 124.8 ± 6.16 

T cells (CD3)                               

(# positive cells/mm2) 

71.88 ± 9.59 130.6 ± 22.61* 132.8 ± 13.85 74.77 ± 7.77 a 

Monocytes/macrophages (CD68) 

(A.U.) 

1.4 ± 0.22 3.5 ± 0.31*** 3.00 ± 0.33 3.00 ± 0.26 

Macrophage (F4/80)  

(% positive area) 

1.1 ± 0.21 1.3 ± 0.3 1.3 ± 0.2 0.9 ± 0.13 

Gene expression (Rel. Exp.)     

Tnfα 1.00 ± 0.12 9.52 ± 1.27 *** 5.89 ± 0.91 # 5.25 ± 0.86 # 

Caspase1 1.00 ± 0.10 1.98 ± 0.14 *** 1.45 ± 0.14 # 1.36 ± 0.11 ## 

Ccl2 1.00 ± 0.14 3.724 ± 0.29 *** 2.00 ± 0.33 ### 1.87 ± 0.47 ## 

Cd68 1.00 ± 0.08 3.98 ± 0.22 *** 2.77 ± 0.20 ### 2.52 ± 0.34 ## 

Il12 1.00 ± 0.18 4.57 ± 0.63 *** 3.60 ± 0.54 2.55 ± 0.35 # 

Vcam 1.00 ± 0.24 1.50 ± 0.14 1.05 ± 0.11 # 1.01 ± 0.15 # 

Cd206 1.00 ± 0.09 1.27 ± 0.12 1.03 ± 0.15 0.96 ± 0.12 b 

Egr2 1.00 ± 0.18 7.06 ± 0.77*** 4.48 ± 0.53# 3.87 ± 0.77## 

iNos/Arg1 1.00 ± 0.3 7.37 ± 1.1*** 6.13 ± 1.23 5.44 ± 0.82 

Protein levels (pg/mg protein)     

TNFα 38.94 ± 4.19 58.37 ± 11.20 24.62 ± 3.28 ## 18.42 ± 2.27 ## 

IL12 0.03 ± 0.01 0.12 ± 0.04 * 0.02 ± 0.01 # 0.02 ± 0.01 # 
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Supplementary Methods 

 

Acid phosphatase activity assay 

Hepatic acid phosphatase (AP) activity was determined by the acid phosphatase assay kit (10008051, 

Cayman Chemical Company, USA). Liver homogenates were diluted 20 times in assay buffer, and 

transferred to a 96-well plate containing 20 μl assay buffer. Next, 20 μl AP substrate solution was added 

to each well to initiate the reaction. After 20 minutes incubation at 37°C, the reaction was stopped by 

adding 100 μl of stop solution to all wells. The absorbance was measured using a Bio-Rad Benchmark 

550 Micro-plate reader at 405-414 nm (170-6750XTU, Bio-Rad Laboratories, Veenendaal, the 

Netherlands). 

Cathepsin D activity assay 

Cathepsin D activity was measured using the cathepsin D activity assay kit (MBL International, 

Woburn, MA) according to the manufacturer’s protocol. In summary, 50 µg of liver homogenate or 5 

µL plasma was lysed in cathepsin D lysis buffer on ice for 10 minutes. Following centrifugation for 5 

minutes at top speed, 5 µL of clear cell lysate was transferred to a well of a 96-well plate, and the total 

volume was made up to 50 µL with cathepsin D cell lysis buffer. To each assay, 52 µL of mastermix 

(50 µL if CTSD Reaction Buffer and 2 µL of CTSD Substrate) was added, and the plate was incubated 

at 37ºC for 1 hour. Samples were then measured using a fluorescence plate reader with a 328-nm 

excitation filter and 460-nm filter. Cathepsin D activity is expressed by the relative fluorescence units. 

Cathepsin E activity assay 

Cathepsin E activity was measured using the cathepsin E activity assay kit (BioVision, Milpitas, CA) 

according to the manufacturer’s protocol. In summary, 50 µg of liver homogenate, 5 µL plasma or 50 

µg bone marrow-derived macrophages was lysed in cathepsin E lysis buffer on ice for 5 minutes. 

Following centrifugation for 10 minutes at top speed, 5 µL of clear cell lysate was transferred to a well 

of a 96-well plate, and the total volume was made up to 50 µL with cathepsin E cell lysis buffer. To 

each assay, 50 µL of Substrate mix (50 µL if CTSE Assay Buffer and 2 µL of CTSE Substrate) was 

added, and the plate was incubated at 37ºC for 1 hour. Samples were then measured using a fluorescence 

plate reader with a 320-nm excitation filter and 420-nm filter. Cathepsin E activity is expressed by the 

relative fluorescence units. 

Plasma Lipid Analysis 

Both plasma and liver lipid levels were measured with enzymatic color tests (cholesterol CHOD-PAP; 

1489232; Roche, Basel, Switzerland; serum triglyceride (TG) determination kit, TR0100; Sigma-

Aldrich; NEFAC, ACS-ACOD, 999-75406; Wako Chemicals, Neuss, Germany) according to the 
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manufacturer's protocols on a Benchmark 550 Micro-plate Reader (170-6750XTU; Bio-Rad, Hercules, 

CA). 

Liver Lipid Analysis 

Approximately 50 mg of frozen liver tissue was homogenized for 30 seconds at 5000 rpm in a closed 

tube with 1.0-mm glass beads and 1.0 mL SET buffer (sucrose 250 mmol/L, EDTA 2 mmol/L, and Tris 

10 mmol/L). Complete cell destruction was done by 2 freeze-thaw cycles and 3 times passing through 

a 27-gauge syringe needle and a final freeze-thaw cycle. Protein content was measured with the 

bicinchoninic acid (BCA) method (23225; Pierce, Rockford, IL). Cholesterol and triglycerides (TG) 

were measured as described above. Protocols were followed according to the manufacturers' 

instructions. 

Fluorescence-activated cell sorting 

FACS analysis was performed as previously described 1. Graphs shown show the absolute values after 

3 weeks (T3) and 2 weeks (T2). 

 

Lipoprotein profiles 

Lipoprotein profiles were determined on plasma samples from 4 mice (pooled from 11 to 4 mice of the 

same experimental group) and determined as described previously 2. 

 

Enzyme-linked immunosorbent assay (ELISA) 

TNFα, IL10 and IL12 ELISA assays (resp. 88-7324-88, 88-7105-88 and 88-7121-88, eBioscience, 

Frankfurt, Germany) were performed on supernatant or liver homogenates according to manufacturer’s 

instructions. Analysis was performed on a Bio-Rad Benchmark 550 Micro-plate reader 450 nm. 

 

Measuring cholesterol precursors, oxysterols and bile acids 

Cholesterol precursors, oxysterols and bile acids were measured via highly specific and sensitive gas 

chromatography-mass spectrometry as described previously 3-5. Fecal measurement was performed on 

feces isolated at sacrifice. Total hepatic bile acid levels were specifically determined as described 

previously 6. 
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Primer Sequences for Quantitative PCR 

Gene Primer forward Primer reverse 

TNFα CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC 

CCL2 GCTGGAGAGCTACAAGAGGATCA TCTCTCTTGAGCTTGGTGACAAAA 

Caspase1 GGGACCCTCAAGTTTTGCC GACGTGTACGAGTGGTTGTATT 

CD68 TGACCTGCTCTCTCTAAGGCTACA TCACGGTTGCAAGAGAAACATG 

CD36 GCCAAGCTATTGCGACATGA AAAAGAATCTCAATGTCCGAGACTTT 

NPC2 CGGAGCCCCTGCACTTC ACAGGGATCGGTGGGACAT 

LXRα CAACAGTGTAACAGGCGCT TGCAATGGGCCAAGGC 

ABCA1 CCCAGAGCAAAAAGCGACTC GGTCATCATCACTTTGGTCCTTG 

PPARγ TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT 

HmG-CoAR ACCATGCCATCGATAGAGATAGGA CGTGCGTTTTCTCCAGGATT 

Cyp7a1 CATTACAGAGTGCTGGCCAAGA CGCAGAGCCTCCTTGATGAT 

Cyp27 CTGCACTTCCTGCTGACCAAT AGGGCCCATGTCAGTGTGTT 

IL12 GGAACTACACAAGAACGAGAG AAGTCCTCATAGATGCTACCA 

VCAM GTGTTGAGCTCTGTGGGTTTTG TTAATTACTGGATCTTCAGGGAATGAG 

CTSD CCTCCATTCATTGCAAGATACTTG CACATAGGTGCTGGACTTGTCACT 

CTSS AAAGATTACTGGCTTGTGAAAAACAG GCAATTCCGCAGTGATTTTTATT 

AP GACCCTAATGGCAACTACCTCTCA GGGAGCTTGCTTCCCATTG 

CD206 TGCAAAGGACTGAAAGGAAACC CCAGTCCAGGCATTGAAAGTG 

EGR2 CTACCCGGTGGAAGACCTC AATGTTGATCATGCCATCTCC 

iNOS GCAAACCCAAGGTCTACGTTCA CCTCATTGGCCAGCTGCTT 

Arg1 CATGGGCAACCTGTGTCCTT CGATGTCTTTGGCAGATATGCA 

 

1 Hendrikx, T. et al. Bone marrow-specific caspase-1/11 deficiency inhibits atherosclerosis 

development in Ldlr(-/-) mice. FEBS J 282, 2327-2338, doi:10.1111/febs.13279 (2015). 

2 Plat, J. et al. Protective role of plant sterol and stanol esters in liver inflammation: insights from 

mice and humans. PLoS One 9, e110758, doi:10.1371/journal.pone.0110758 (2014). 

3 Lutjohann, D. et al. Profile of cholesterol-related sterols in aged amyloid precursor protein 

transgenic mouse brain. J Lipid Res 43, 1078-1085 (2002). 
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4 Schierwagen, R. et al. Seven weeks of Western diet in apolipoprotein-E-deficient mice induce 

metabolic syndrome and non-alcoholic steatohepatitis with liver fibrosis. Sci Rep 5, 12931, 

doi:10.1038/srep12931 (2015). 

5 Czubayko, F., Beumers, B., Lammsfuss, S., Lutjohann, D. & von Bergmann, K. A simplified 

micro-method for quantification of fecal excretion of neutral and acidic sterols for outpatient 

studies in humans. J Lipid Res 32, 1861-1867 (1991). 

6 Modica, S., Murzilli, S. & Moschetta, A. Characterizing Bile Acid and Lipid Metabolism in the 

Liver and Gastrointestinal Tract of Mice. Curr Protoc Mouse Biol 1, 289-321, 

doi:10.1002/9780470942390.mo100226 (2011). 
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Abstract 

Despite the increased awareness of differences in the inflammatory response between men and women, 

only limited research has focused on the biological factors underlying these sex differences. The 

cholesterol derivative 27-hydroxycholesterol (27HC) has been shown to have opposite inflammatory 

effects in independent experiments using mouse models of atherosclerosis and non-alcoholic 

steatohepatitis (NASH), pathologies characterized by cholesterol-induced inflammation. As the sex of 

these in vivo models differed, we hypothesized that 27HC exerts opposite inflammatory effects in males 

compared to females. To explore whether the sex-opposed inflammatory effects of 27HC translated to 

humans, plasma 27HC levels were measured and correlated with hepatic inflammatory parameters in 

obese individuals. To investigate whether 27HC exerts sex-opposed effects on inflammation, we 

injected 27HC to female and male Niemann-Pick disease type C1 mice (Npc1nih) that were used as an 

extreme model of cholesterol-induced inflammation. Finally, the involvement of estrogen signaling in 

this mechanism was studied in bone marrow-derived macrophages (BMDMs) that were treated with 

27HC and 17ß-estradiol (E2). Plasma 27HC levels showed opposite correlations with hepatic 

inflammatory indicators between female and male obese individuals. Likewise, hepatic 27HC levels 

oppositely correlated between female and male Npc1nih mice. Twenty-seven hydroxycholesterol 

injections reduced hepatic inflammation in female Npc1nih mice in contrast to male Npc1nih mice, 

which showed increased hepatic inflammation after 27HC injections. Furthermore, 27HC 

administration also oppositely affected inflammation in female and male BMDMs cultured in E2-

enriched medium. Remarkably, female BMDMs showed higher ERα expression compared to male 

BMDMs. Our findings identify that the sex-opposed inflammatory effects of 27HC are E2-dependent 

and are potentially related to differences in ERα expression between females and males. Hence, the 

individual’s sex needs to be taken into account when 27HC is employed as therapeutic tool as well as 

in macrophage estrogen research in general. 
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Introduction 

 

An increasing amount of evidence has pointed towards sex differences influencing physiological 

processes, including inflammatory responses [1-5]. In spite of these physiological differences between 

men and women, only limited research has focused on the biological factors underlying these 

differences. As gender-based prevention and therapy, as opposed to the ‘one-size-fits all’ approach, is 

expected to benefit both male and female patients [5], it is essential to improve our understanding on 

these underlying biological factors involved with sex differences. 

 

Metabolically-induced inflammatory responses (referred to as metabolic inflammation or 

metaflammation) such as cholesterol-induced activation of macrophages [6,7] have been generally 

accepted as a cause for the chronic low-grade inflammatory state observed in obese patients [8]. 

Metaflammation is also responsible for the steep increase in the amount of obese individuals suffering 

from hepatic inflammation [9], identifying the liver as one of the most sensitive organs for cholesterol- 

and lipid-induced metaflammation [10]. Relevantly, cholesterol-derived lipids known as oxysterols 

have been linked to obesity-associated inflammatory conditions [11,12]. The most abundant oxysterol 

in the human body is 27-hydroxycholesterol (27HC) [13], which is generated via enzymatic oxidation 

of cholesterol by sterol 27-hydroxylase (CYP27A1) [14]. Due to its cholesterol-expelling effects [15], 

27HC has been investigated as a therapeutic agent in atherosclerosis and non-alcoholic steatohepatitis 

(NASH), pathologies characterized by cholesterol-induced macrophage activation leading to 

inflammation [7,16-19]. Whereas hematopoietic overexpression of Cyp27a1 [20] and subcutaneous 

administration of 27HC  in female hyperlipidemic mice [21] resulted in reduced hepatic inflammation, 

subcutaneous injections of 27HC in a comparable male hyperlipidemic mouse model paradoxically 

elevated atherosclerosis via increasing pro-inflammatory processes [22]. These results suggest that sex 

differences may underlie the opposite effects of 27HC on cholesterol-induced inflammation.  

 

Based on these findings, we hypothesized that under cholesterol-induced inflammatory conditions, 

27HC exerts sex-opposed inflammatory effects. Firstly, we found in a cohort of obese individuals that 

higher plasma 27HC levels in females corresponded with lower hepatic inflammatory indicators, while 

the opposite was observed in males. Similar sex-opposed inflammatory effects of 27HC were observed 

in Niemann-Pick nih mice (Npc1nih), here used as an extreme model mimicking cholesterol-induced 

inflammation [23]. Finally, in vitro experiments with murine bone marrow-derived macrophages 

(BMDMs) provided evidence that the sex-opposed inflammatory effect of 27HC is E2-dependent and 

is potentially related to differences in ERα expression between females and males. Altogether, these 
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data demonstrate for the first time the sex-opposed effects of 27HC on inflammation. Hence, the 

individual’s sex needs to be taken into account when 27HC is employed as therapeutic tool.  

 

Methods 

Human cohorts 

Maastricht cohort  

43 obese adult individuals (21 females and 13 males respectively) undergoing bariatric surgery at the 

Maastricht University Medical Center or at the Atrium Medical Center Parkstad, Heerlen, the 

Netherlands, were included in the study. Population characteristics are represented in supplementary 

table S1A. NASH was determined via evaluation of liver biopsies based on Brunt’s criteria by a trained 

pathologist. Exclusion criteria, the procedure of obtaining liver biopsies and blood sampling of this 

cohort have been previously described [24,25]. Determination of plasma 27HC levels was performed 

as previously described [21]. 

 

Use of human subjects  

The study was carried out in accordance with the approved guidelines by the Medical Ethical 

Committees of both the Maastricht University Medical Centre and the Atrium Medical Centre Parkstad 

and conducted in accordance with the revised version of the Declaration of Helsinki (October 2008, 

Seoul). Written informed consent was obtained from all the subjects. 

 

Mice, diet and treatment 

Experiments were performed according to the Dutch regulation and approved by the Committee for 

Animal Welfare of Maastricht University. Npc1nih mice were housed under standard conditions and 

were given free access to food and water. Npc1nih mice (a kind gift from Prof. Dr. Lieberman from 

University of Michigan Medical School) were derived from heterozygous founders (C57BL/6 / 

Npc1nih). In the first in vivo experiment, seven week-old female (n=4) and male (n=4) Npc1nih mice 

were given a normal chow diet and sacrificed. In the second in vivo experiment, two week-old female 

(n=5/group) and male (n=5/group) Npc1nih mice were daily injected with 27-hydroxycholesterol 

(27HC; 40mg/kg) or vehicle (2-hydroxypropyl-β-cyclodextrin 18%) for 21 weeks and given a normal 

chow diet. Tissue specimens were isolated and snap-frozen in liquid nitrogen and stored at -80°C or 

fixed in 4% formaldehyde/PBS. The collection of blood and hepatic and bile oxysterols was done as 

described previously [19,26,27]. Product information is provided in Supplementary Table S1. 
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RNA isolation/cDNA synthesis/qRT-PCR 

Total RNA was isolated from mouse liver tissues or cultured bone marrow-derived macrophages 

(BMDMs). For liver tissues, homogenization was achieved by adding 1.0 mm of glass beads and 1.0 

ml Tri Reagent (Sigma Aldrich, Saint Louis, USA) to the frozen liver tissues in a closed tube for 30 

sec. at 4800 rpm. For BMDMs, 350 µl of Tri Reagent was added to the well, after which BMDMs were 

transferred to a tube. After centrifugation with addition of chloroform 200 µl for liver tissues and 100 

µl for BMDMs), an aqueous phase was visible and transferred to a fresh tube. Isopropanol (0.5 ml) was 

added and upon another centrifugation step, RNA was precipitated. A wash step of the RNA pellet was 

done by adding 1.0 ml 70% ethanol. After centrifugation, the supernatant was removed and the pellet 

was dissolved in an appropriate volume of DEPC sterile H2O. All materials used were RNAse free and 

samples were placed on ice during the procedure. Afterwards, the RNA concentration and RNA quality 

were determined on a NanoDrop ND-1000 spectrophotometer. 

Total RNA (500 ng of the liver and 300 ng of BMDMs) was reverse transcribed in first-strand 

complementary DNA (cDNA) by using the iScript cDNA synthesis kit according to the manufacturer’s 

instructions. Changes in the expression of the indicated genes were determined by qPCR of 10 ng cDNA 

on Bio-Rad MyIQ with IQ5 v2.1 software (Applied Biosystems ABI7900) using IQ SensiMix SYBR 

master mix with fluorescein (Bioline, London, UK). Cyclophillin A, Ribosomal protein S12 and beta-

actin were used as reference genes to standardize for the amount of cDNA. By using default settings in 

primer Express version 2.0 (Applied Biosystems, Forster City, CA, USA), primer sets for the selected 

genes were developed and are available in Supplementary Table S2. qPCR data was analyzed according 

to the relative standard curve method. 

 

Immunohistochemistry 

Frozen liver sections (7 μm) were fixed in acetone and subsequently blocked for endogenous peroxidase 

by incubation with 0.25% of 0.03% H202 for 5 minutes. Prior to the incubation with the first antibody, 

slides were incubated with 4% fetal calf serum/ 1x PBS + 1:5 Avidin D Block solution. Primary 

antibodies used were against infiltrated macrophages and neutrophils. For NIMP staining, no 

amplification step was needed and as a secondary antibody, α-rat-PO was used. For the incubation step 

with the first antibody, we used 4% FCS/ 1x PBS + 1st antibody + 1:5 Biotin Block solution (ABC kit). 

Incubation with the second antibody (1:300 α-rat-BIO or 1:100 α-rat-PO) was done in 4% FCS/2% 

normal mouse serum/ 1x PBS. After this, the slides were washed and incubated in 1x PBS + 1:50 Biotin 

solution (ABC kit). Then, stainings were finished using the AEC kit (2% buffer/ 3% AEC/ 2% H2O2 

in demi water, used as a color substrate and hematoxylin for nuclear staining. Sections were enclosed 

with Faramount aqueous mounting medium.  
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Paraffin embedded liver sections (4 μm) were stained with Hematoxylin-Eosin after deparaffination in 

xylol and dehydrated with resp. 90%, 70% and 50% ethanol. Subsequently, Coupes were mounted with 

Entallan. Pictures were taken with a Nikon DMX1200 digital camera and ACT-1 v2.63 software. 

Immune cells were counted in 6 microscopical views (original magnification, 200x) and were noted as 

cells/square millimeter.  

 

Cell culture 

BMDMs were isolated from the tibiae and femurs of male or female Npc1nih and Wt C57BL/6 mice. 

Cells were cultured for eight days in RPMI-1640 supplemented with 10% heat-inactivated fetal calf 

serum, penicillin (100 U/ml), streptomycin (100 µg/ml) and L-glutamine 2 mM, supplemented with 

20% L929-conditioned medium (LCM) to generate BMDMs. After attachment, BMDMs were seeded 

at 350,000 cells per well in 24-well plates. A complete overview of the experiment is depicted in 

Supplementary figure S1. At the end of the experiment, medium was collected and cells were lysed for 

mRNA expression or protein analysis. All in vitro data represent at least n=3 (triplicates) for each 

experimental group. 

 

Nitrite assay 

Levels of nitric oxide (NO) were measured in medium using the Griess (0.1% naphthylethylenediamine 

dihydrochloride; 1% sulfanilamide; 2.5% phosphoric acid) test protocol. Standard curve was made 

using dilutions of NaNO2 in E2 medium: 10µl, 8.75µl, 7.5µl, 6.25µl, 5µl, 3.75µl (E2medium blank). 

50µl of standard dilution and 45µl of samples + 5µl of 50µM NaNO2 were pipetted into a 96-well plate. 

50µl of Griess agent was added and absorbance was measured at 545nm. 

 

Tumor necrosis factor alpha (TNFa), interleukin 10 (IL-10), estrogen receptor alpha (ERα) and 

estrogen receptor beta (ERß), liver X receptor beta (LXRβ) enzyme linked immunosorbent assays 

(ELISA) 

The mouse TNFa and IL-10 ELISA was performed on medium of bone-marrow derived macrophages 

according to manufacturer’s instructions (Sensitivity: 8 pg/ml (TNFa) or 23 pg/ml (IL-10); Specificity: 

cross contamination from other specimens possible). Protein expression of ERα and ERß was measured 

on cell lysate of bone marrow-derived macrophages according to manufacturer’s instructions (ERα 

Sensitivity: 0.19 ng/ml and ERß Sensitivity: 0.19 ng/ml). No significant cross-reactivity or interference 

between ERα and ERβ was observed. LXRβ was measured on cell lysate of Wt bone marrow-derived 

macrophages according to manufacturer’s instructions. 
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Statistical analysis 

The differences between the experimental groups were analyzed with two-way ANOVA followed by a 

Tukey post-hoc test using the IBM® SPSS Statistics program (Version 22.0.0.) or GraphPad Prism 

(Version 6.01). The results were visualized and expressed as the mean ±SEM and considered significant 

at p ≤ 0.05, * and ** indicate p ≤ 0.01 respectively using GraphPad Prism (Version 6.01). Pearson 

correlation coefficients (r) and respective p values were calculated to assess the statistical significance 

of the correlation.    

  

Results 

Plasma 27-hydroxycholesterol levels are oppositely associated with hepatic inflammatory 

indicators between female and male obese individuals  

To explore whether sex associates with the inflammatory effect of 27HC, plasma 27HC levels were 

measured in an obese population and correlated with different hepatic inflammatory indicators. Clinical 

characteristics of the population are presented in Supplementary Table S3. In the ‘Maastricht cohort’ 

(n=43), plasma 27HC levels were significantly lower in female NASH individuals (categorized by 

criteria of Brunt) as compared to no-NASH obese females (Fig. 1A and Supplementary figure S2A, left 

panel). Conversely, in male NASH individuals, plasma 27HC levels were increased compared to no-

NASH obese males (Fig. 1A and Supplementary figure S2A, right panel). Similarly, when plasma 27HC 

levels were specifically compared with hepatic lobular inflammation in the same obese population, 

significantly lower plasma 27HC levels were observed in obese females suffering from hepatic lobular 

inflammation (Fig. 1B and Supplementary figure S2B, left panel), while an increasing trend was found 

for plasma 27HC levels in obese males (Fig. 1B and Supplementary figure S2B, right panel). These 

results show that plasma 27HC levels oppositely correlate with hepatic inflammatory indicators in 

female and male obese individuals, confirming the sex-opposed inflammatory association with 27HC 

that was previously observed in hyperlipidemic models [20-22]. 
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Figure 1: Relative plasma 27HC levels in female and male obese individuals in relation to hepatic inflammatory indicators. (A) Plasma 

27HC levels in obese women and men categorized as ‘NASH’ or ‘Normal’ based on assessment of liver biopsies according to the criteria of 

Brunt. (B) Plasma 27HC levels in female and male obese individuals categorized according to presence of hepatic lobular inflammation. * 

Indicates p ≤ 0.05 compared to obese individuals categorized as ‘Normal’ (panel A) or obese individuals without hepatic lobular inflammation 

(panel B) by use of two-tailed unpaired t test. Panel A and B show n = 44 (21 female and 13 male individuals). All error bars are SEM. 
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Hepatic 27HC levels oppositely correlate with hepatic inflammation between female and male 

Npc1nih mice 

To validate the sex-opposed inflammatory effect of 27HC in vivo, hepatic inflammation and hepatic 

27HC levels were assessed in seven week-old female and male Niemann-Pick type C1 disease (NPC1) 

mice (Npc1nih mice). Hepatic cryosections were stained for the inflammatory markers Mac-1 

(infiltrated macrophages and neutrophils) and NIMP (neutrophils) and subsequently correlated with 

hepatic 27HC levels. Hepatic 27HC levels inversely correlated with both hepatic infiltrated 

macrophages and neutrophils (r = -0.8605; Table 1 and Supplementary figure S3A-B) and hepatic 

neutrophils (r = -0.9669; Table 1 and Supplementary figure S3A-B) in female Npc1nih mice. In 

contrast, male Npc1nih mice showed a positive correlation between hepatic 27HC levels and hepatic 

infiltrated macrophages and neutrophils (r = 0.9595; Table 1 and Supplementary figure S3A-B) and 

hepatic neutrophils (r = 0.88; Table 1 and Supplementary figure S3A-B). Furthermore, no other 

significant differences were observed between female and male Npc1nih mice (Supplementary Table 

S4). As such, our data show that hepatic 27HC levels have sex-opposed hepatic inflammatory 

associations, validating Npc1nih mice as a model to investigate the sex-opposed inflammatory effects 

of 27HC. 

 

Table 1: Correlation analysis between hepatic 27-hydroxycholesterol levels and hepatic inflammation in seven week-

old female and male Npc1nih mice 

  Hepatic 27HC/Chol levels  

(ng/mg) 

  Pearson r R2 p value 

Female     

 Hepatic infiltrated macrophages and neutrophils 

(# positive cells/mm2) 
-0.8605 0.7404 0.13 

 Hepatic neutrophils (# positive cells/mm2) -0.9669 0.9349 0.03* 

Male     

 Hepatic infiltrated macrophages and neutrophils  

(# positive cells/mm2) 
0.9595 0.9206 0.04* 

 Hepatic neutrophils (# positive cells/mm2) 0.8861 0.7851 0.11 

 

 

*Indicates p ≤ 0.05 by means of Pearson correlation. n = 4 per experimental group 
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Administration of 27HC in Npc1nih mice results in opposite hepatic inflammatory responses 

between sexes.  

To determine whether 27HC induces the sex-opposed effects on hepatic inflammation, female and male 

Npc1nih mice were given daily subcutaneous injections of 27HC or vehicle for 21 weeks. Hepatic and 

bile 27HC levels increased in both female and male Npc1nih mice upon 27HC administration, 

confirming successful administration of 27HC (Supplementary figure S4). In line with our hypothesis, 

administration of 27HC in female Npc1nih mice reduced hepatic inflammation, as observed by HE 

staining (Fig. 2A and Supplementary figure S5) and decreased numbers of infiltrated macrophages and 

neutrophils (Fig. 2B) in comparison to non-treated animals. In contrast, administration of 27HC in male 

Npc1nih mice resulted in a pro-inflammatory response compared to vehicle-treated male Npc1nih mice 

(Fig. 2A-B). These histological observations were further substantiated by hepatic gene expression 

levels for the inflammatory markers tumor necrosis factor alpha (TNFA), chemokine (C-X-C motif) 

ligand 2 (CXCL2), cluster of differentiation 68 (CD68), integrin alpha M (ITGAM), intercellular 

adhesion molecule 1 (ICAM) and interleukin 18 (IL18) (Fig. 2C), showing tendencies towards 

decreased or increased inflammation in female or male Npc1nih mice, respectively. Moreover, the 

interaction term provided by two-way ANOVA analysis was significant among all hepatic 

inflammatory analyses (Table 2), indicating that the hepatic inflammatory effect of 27HC is influenced 

by sex.  
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Figure 2: Hepatic inflammatory parameters of female and male Npc1nih mice after 27HC administration. (A-B) Quantification of 

haematoxylin and eosin (HE) staining and Mac-1 immunostaining of livers from female and male Npc1nih mice treated with or without 27HC. 

(C) Hepatic gene expression analysis of TNFA, CXCL2, CD68, ITGAM, ICAM and IL18 of female and male Npc1nih mice treated with or 

without 27HC. * Indicates p ≤ 0.05 and ** p ≤ 0.01 by use of two-way ANOVA with Tukey’s post-hoc correction. n=4-5 mice per experimental 

group. All error bars are SEM. 
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Table 2: Statistics of sex-opposed hepatic inflammatory effects of 27HC in Npc1nih mice 

  

 

 

 

 

 

 

 

 

 

 

 

 

*Indicates p ≤ 0.05 and ** p 

≤ 0.01 by two-way ANOVA. 

n= 4-5 mice per experimental group 

 

 

 

 

 

 

 

 

 

 

 

 p value  

(sex*27HC treatment interaction 

term) 

Histology  

Hepatic inflammation (H&E) 0.001** 

Infiltrated macrophages and 

neutrophils 

0.0181 * 

Gene Expression  

CD68 0.0351* 

TNFA 

CXCL2 

0.0066** 

0.04* 

IL18 0.0142* 

ICAM 0.0051** 

ITGAM 0.0256* 
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Only in the presence of E2, the inflammatory effects of 27HC are sex-dependent in murine bone 

marrow-derived macrophages 

As 27HC has been identified as a selective estrogen receptor modulator (SERM) [14] and estrogen is 

known to influence inflammatory processes [28], we first assessed the effect of 27HC in murine 

BMDMs cultured in E2-depleted and –enriched conditions by measuring nitric oxide (NO), a key 

mediator of inflammation. Vehicle-treated BMDMs cultured in E2-enriched medium showed reduced 

production of NO compared to vehicle-treated BMDMs cultured in E2-depleted (‘Control’) medium, 

confirming the modulatory role of E2 on NO production (Fig. 3A-B). Strikingly, treating BMDMs 

cultured in E2-enriched medium with 27HC resulted in an increased NO production, which was 

opposite in BMDMs cultured in E2-depleted medium, where treatment with 27HC reduced NO 

production (Fig. 3A-B). These results confirm that 27HC modifies the estrogen-mediated inhibition of 

NO production, and therefore inflammation. 

 

Next, we investigated whether the sex-opposed inflammatory effects of 27HC are E2-dependent. For 

this purpose, Wt BMDMs derived from female or male mice were cultured in E2-depleted or E2-

enriched medium and treated with 27HC (1.0 µM or 1.5 µM) or vehicle for 24 hours. Under E2-depleted 

conditions, 27HC-treatment reduced TNFa levels in female and male-derived BMDMs (Fig. 3B, left 

panel). In contrast, under E2-enriched conditions, 27HC-treatment only reduced TNFa levels in 

females, but not in males (Fig. 3B, right panel). Moreover, upon incubation with 1.5 µM of 27HC, 

TNFa levels were significantly increased in males (Fig. 3B, right panel). These observations were 

confirmed at gene expression level, showing similar trends for TNFA, ICAM and IL1B expression 

(Supplementary figure S6A). Sex, however, did not influence IL-10 levels after 27HC treatment 

(Supplementary figure S6B). Additionally, to confirm whether these inflammatory effects were more 

pronounced in an extreme model of cholesterol-induced inflammation, female- and male-derived 

Npc1nih BMDMs were exposed to similar conditions as Wt BMDMs. As expected, only under E2-

enriched conditions, the sex-opposed inflammatory effects of 27HC became apparent, demonstrating 

reduced TNFa levels in females and increased TNFa levels in males (Fig. 3C and Table 3). This 

observation was also further confirmed at gene expression level for TNFA and ICAM (Fig. 3D and 

Table 3). Together, these findings indicate that the sex-opposed inflammatory effects of 27HC are E2-

dependent and imply that the downstream E2-signaling is different in females and males. 
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Figure 3: Inflammatory indicators of female and male-derived Wt bone marrow-derived macrophages cultured in E2-enriched/-depleted 

medium treated with 27HC. (A) Nitric oxide (NO) production in female (left panel) and male (right panel) wildtype BMDMs. * Indicates p ≤ 



Chapter 4 

92 
 

0.05 compared to vehicle-treated BMDMs by use of two-way ANOVA with Tukey’s post-hoc correction.# Indicates p ≤ 0.05 compared to 

E2-depleted (‘Control’) BMDMs treated with vehicle. (B) TNFα protein levels in female and male Wt BMDMs. * Indicates p ≤ 0.05 and ** 

p ≤ 0.01  compared to vehicle-treated female- or male-derived BMDMs cultured under E2-depleted conditions by use of two-way ANOVA 

with Tukey’s post-hoc correction (left panel). * p ≤ 0.05 is compared to vehicle-treated female- or male-derived BMDMs cultured under E2-

enriched conditions (right panel). Results are shown as the average of 3 independent experiments. All error bars are SEM. (C) TNFα protein 

levels in female and male Npc1nih BMDMs. * Indicates p ≤ 0.05 and ** p ≤ 0.01  compared to vehicle-treated female- or male-derived 

BMDMs cultured under E2-enriched conditions by use of two-way ANOVA with Tukey’s post-hoc correction (right panel). Results are shown 

as the average of 1 independent experiment. All error bars are SEM. (D) Gene expression analysis of TNFA and ICAM in female and male 

Npc1nih BMDMs. * Indicates p ≤ 0.05 compared to vehicle-treated female- or male-derived BMDMs cultured under E2-enriched conditions 

by use of two-way ANOVA with Tukey’s post-hoc correction. # p ≤ 0.05 and # # p ≤ 0.01 compared to vehicle-treated female BMDMs by 

use of two-way ANOVA with Tukey’s post-hoc correction. Results are shown as the average of 1 independent experiment. All error bars are 

SEM. 

 

Table 3: Statistics of sex-opposed inflammatory effects of 27HC in Npc1nih BMDMs  

 

 

 

 

 

 

 

 

 

 

 

 

 

*Indicates p ≤ 0.05 and ** p ≤ 0.01 by two-way ANOVA. n= 3 per experimental group 

 

 

 

 

 

 p value  

(sex*27HC treatment 

interaction term) 

TNFa secretion (protein)  

E2-depleted                     0.3805 

E2-enriched 0.0014** 

Tnfa (gene expression)  

E2-depleted 0.0360* 

E2-enriched 0.0468* 

Icam (gene expression)  

E2-depleted 0.8107 

E2-enriched 0.0451* 
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Female BMDMs show higher ERα expression compared to male BMDMs 

 To provide insight into the underlying mechanism that explains the E2-driven opposite inflammatory 

effect of 27HC on females and males, we determined protein levels of estrogen receptors alpha and beta 

(ERα and ERβ) and liver X receptor beta (LXRβ) in untreated Wt BMDMs derived from female and 

male mice (Fig. 4A-B). While ERβ and LXRβ levels were similar between females and males, ERα 

levels showed a near three-fold higher protein expression in female compared to male BMDMs (Fig 

4A-B). Moreover, in females, ERα expression was two-fold higher than ERβ expression, while in males 

ERα and ERβ show near equal protein expression (Fig. 4A). Considering the modulating effect of these 

estrogen receptor subtypes on inflammatory responses, our findings suggest that the sex-opposed 

inflammatory effect of 27HC might be related to different ERα expression between female and male 

macrophages.  

  

Figure 4 Protein expression of ERα, ERβ and LXRβ in female and male Wt bone marrow-derived 

macrophages.  (A) ERα and ERβ and (B) LXRβ expression in female and male BMDMs. ** Indicates 

p ≤ 0.01 compared to female ERβ expression and # # indicates p ≤ 0.01 compared to female ERα 

expression by use of two-way ANOVA with Tukey’s post-hoc correction. Results are shown as the 

average of 3 independent experiments. All error bars are SEM. 
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Discussion 

Despite the increased awareness of differences in the inflammatory response between men and women, 

only limited research has focused on the biological factors underlying these sex-opposed effects. Here, 

we identify 27HC as a biological factor exerting sex-opposed effects on inflammation and show that 

these sex-opposed effects are mediated via differences in estrogen signaling. Hence, the individual’s 

sex needs to be taken into account when 27HC is employed as therapeutic tool as well as in macrophage 

estrogen research in general. 

 

An increasing amount of research is pointing towards the therapeutic potential of bile acids (and their 

precursors) to modulate the inflammatory response in metabolic diseases such as cardiovascular 

diseases [29], diabetes [30], NASH [31] and even in pulmonary diseases [32,33]. With regard to this 

evolving trend, we demonstrate in the current study that sex plays a key role on the inflammatory effect 

of the bile acid precursor 27HC, which likely explains the previous contradictive results in 

atherosclerosis [22] and NASH [20,21]. Our findings suggest that bile acids and their precursors 

potentially have opposite inflammatory effects in females and males, warranting caution on the use of 

bile acids as therapeutical tool in the clinic without conducting sex-specific clinical trials. Indeed, in the 

past, sex bias has been identified in the search for new therapeutic drugs in both preclinical animal 

studies as well as in clinical human studies that included more male than female individuals [34,35]. In 

the cardiovascular field, this phenomenon has led to differences in the clinical outcome of males vs. 

females in relation to key drugs such as beta-blockers, angiotensin-converting enzyme inhibitors, 

diuretics and anti-arrhythmics [35]. As, to our knowledge, this is the first study to describe sex-related 

differences in the context of bile acids, future research is necessary to validate our observation. So far, 

gender-specific health care is only present in very limited quantities and epidemiological research 

proving sex differences [36,37] are only recently finding their way to larger scientific audiences, which 

is exemplified by funding agencies specifically endorsing research investigating female/male 

differences [38,39]. Our findings therefore add fuel to the increasing concept of men and women as two 

different entities whose health and disease condition should be approached from a different perspective.  

 

While a chronic low grade inflammatory state is as a key factor contributing to the prevalence of 

obesity-associated disorders [6,7,40] only recently it has become clear that there are differences 

between the sexes concerning this obesity-associated inflammatory response. Plasma adiponectin 

concentrations were demonstrated to decrease more dramatically in obese male than female patients 

[41], providing evidence for a more detrimental inflammatory state in obese male compared obese 

female patients. Additionally, whereas male high-fat diet-induced obese mice showed profound adipose 

tissue macrophage accumulation [42] and infiltration [43], female obese mice were protected from this 



Chapter 4 

95 
 

adipose tissue inflammatory response [42,43]. Singer et al. suggested that the absence of adipose tissue 

inflammation in female high-fat diet-induced obese mice is likely due to the formation of CD11c- (M2-

like) macrophages, while matched male mice show expansion of CD11c+ (M1-like) macrophages in 

adipose tissue [44]. These findings suggest a key role for macrophages in mediating opposite 

inflammatory responses between females and males. In line with this view, we here observed that the 

cholesterol derivative 27HC exerts anti-inflammatory effects in livers of females and pro-inflammatory 

effects in livers of males and we could replicate these findings in primary macrophages as well as 

validate them in a cohort of obese individuals. The sex-dependent inflammatory influence of 27HC on 

macrophages has been confirmed in other experiments showing that 27HC exerts pro-inflammatory 

effects on male-derived macrophages [45], whereas anti-inflammatory effects are observed in female-

derived macrophages [20]. Therefore, future studies focusing on the inflammatory effect of 27HC in 

macrophages have to consider sex as a potential variable influencing the outcome of their studies. 

 

The observation that the presence of estrogen is essential to observe the sex-opposed inflammatory 

effects of 27HC in BMDMs indicates a key role for estrogen in the 27HC-induced effect on 

inflammation. This observation is in line with previous findings of Umetani et al. who linked 27HC to 

estrogen by identifying 27HC as the first endogenous selective estrogen receptor modulator (SERM) 

[14]. Estrogens are known to dampen, reduce and inhibit inflammatory responses by various 

mechanisms, including via activation of ER dimers that repress transcription of, for instance, iNOS 

[46]. Indeed, we found that estrogen reduces NO production and, additionally, that administration of 

27HC in the absence of E2 resulted in a similar decrease in NO production, suggesting a similar effect 

of E2 and 27HC on ER dimers. Simultaneous administration of E2 and 27HC on the other hand causes 

a conformational change in ER dimers [46], blocking their repressive effect on transcription and 

explaining the increased NO production. These observations therefore confirm that 27HC is a SERM. 

Additionally, besides ER dimers, estrogens also influence inflammation via repressing the transcription 

factor NF-қB [28], a master regulator of inflammation [47]. Indeed, we found that downstream targets 

of NF-қB, TNFα, ICAM and IL1b, decreased in female-derived, but not in male-derived, BMDMs 

cultured in E2-enriched medium that were treated with 27HC. As production of the inflammatory 

mediator NO (which is not NF-қB-mediated) [48] was not differentially influenced by 27HC among 

the sexes, our observations provide evidence that the sex-opposed inflammatory effect of 27HC is likely 

related to NF-қB-mediated mechanisms.  

Additionally, these findings further suggest that the sex-opposed inflammatory effects of 27HC are at 

least partly mediated via differences in downstream estrogen signaling of macrophages. This 

observation raises the question how downstream estrogen signaling in macrophages is different in 

females and males. While estrogen exerts anti-inflammatory effects in both females and males [49], a 
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potential answer to this exciting question might be related to sex differences in the distribution of the 

subtypes of the ER, ER alpha (ERα) and ER beta (ERß). Indeed, while ERβ expression was similar, we 

observed a substantial increased expression of ERα in female compared to male BMDMs, suggesting 

females show more pronounced ERα-mediated macrophage responses that underlie the observed anti-

inflammatory effect of 27HC in females. In line with this observation, ERα expression in macrophages 

has been linked to anti-inflammatory responses in skin repair [50] and infectious immunity [51]. 

Moreover, while ERα and ERβ share a high degree of homology, their target genes differ substantially 

indicating that the binding of ligands (such as 27HC) to different ER subtypes impacts the fate of the 

inflammatory signaling [52]. For these reasons, future research should further investigate whether 

differences in the distribution of ERα and ERβ determine the inflammatory fate of 27HC. The different 

ERα expression levels between females and males also highlight sex as an essential factor to be 

considered when investigating macrophage estrogen signaling, irrespective of 27HC levels. As such, 

for future research, it is indispensable to determine whether the macrophages under investigation are 

derived from female or male sources. 

 

As cholesterol levels increase during obesity in men and women [53] and 27HC levels are tightly 

correlated with cholesterol levels, our findings suggest that increased cholesterol levels will result in a 

more detrimental inflammatory response in males compared to females. Indeed, previous reports have 

described that premenopausal women are better protected from metaflammatory insults compared to 

male individuals [54]. Additionally, the premenopausal inflammatory resilience in women reverses 

after menopause [55], suggesting that estrogen plays a key role in mediating the metaflammatory 

response. Nevertheless, estrogen administration in postmenopausal women resulted in a paradoxical 

increased risk of inflammation and cardiovascular disease [56,57], suggesting that other biological 

factors might be involved in the inflammatory response in females. Considering our findings that 27HC 

is affecting inflammation via perturbing estrogen signaling and the previous observation of increased 

LDL cholesterol (and concomitantly 27HC) levels after menopause [58], an interesting line for future 

research is to explore whether the inflammatory effect of 27HC is different in pre- versus 

postmenopausal women. 

 

Overall, we here show that 27HC exerts sex-opposed effects on cholesterol-induced inflammatory 

responses that are potentially mediated via sex-related expression differences of ERα. Future studies 

should investigate how these findings have implications for gender-based therapeutic strategies against 

inflammation. 
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Supplementary Figures 

  

Supplemental Figure 1: In vitro experimental set-up. After 9 days culture in regular RPMI medium (see Materials and methods), 

BMDMs were incubated in medium A to get rid of estrogen in the RPMI medium and FCS. Next, BMDMs were cultured for 2 hours without 

LCM medium (medium B) followed by 24 or 48 hr incubation with 27HC (1 µM) or vehicle (2-hydroxypropyl-β-cyclodextrin; 0.3%) in 

combination with E2 (0.5 nM) or EtOH. HEPES, (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid); 27HC, 27-hydroxycholesterol; E2, 

17ß-estradiol, EtOH, ethanol 
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Supplemental Figure 2: Plasma absolute 27HC levels in female and male obese individuals in relation to hepatic inflammatory 

indicators. (A) Plasma 27HC levels in obese women and men categorized as ‘NASH’ or ‘Normal’ based on assessment of liver biopsies 

according to the criteria of Brunt. (B) Plasma 27HC levels in female and male obese individuals categorized according to presence of hepatic 

lobular inflammation. * Indicates p ≤ 0.05 compared to obese individuals categorized as ‘Normal’ (panel A) or obese individuals without 

hepatic lobular inflammation (panel B) by use of two-tailed unpaired t test. Panel A and B show n = 44 (21 female and 13 male individuals). 

All error bars are SEM. 
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Supplemental Figure 3: Hepatic inflammation in female and male Npc1nih mice.  (A) Correlation analysis of hepatic 27HC levels 

with immunostaining quantification for hepatic infiltrated macrophages and neutrophils (Mac-1) and hepatic neutrophils (NIMP staining) in 

seven week-old female and male Npc1nih mice. n=4 mice per experimental group. (B) Representative images (200x magnification) of a female 

and male Npc1nih mouse with respective hepatic 27HC levels.   
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Supplemental Figure 4: Bile acids in female and male Npc1nih mice. Hepatic and bile 27HC levels in 27HC-administered Npc1nih 

mice.  n=4-5 mice per experimental group. * Indicates p ≤ 0.05 and **** p ≤ 0.0001 compared to vehicle-treated female or male Npc1nih 

mice by use of two-way ANOVA with Tukey’s post-hoc correction.# # Indicates p ≤ 0.01 compared to 27HC-treated female Npc1nih mice.  

All error bars are SEM. 
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Supplemental Figure 5: Hepatic HE staining of female and male Npc1nih mice. Representative images of hepatic HE staining (100x 

magnification) of female and male Npc1nih mice that were treated with vehicle or 27HC for 12 weeks. 
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Supplemental Figure 6: IL-10 levels of female and male-derived Wt bone marrow-derived macrophages cultured in E2-enriched/-

depleted medium treated with 27HC. IL-10 protein levels in female and male Wt BMDMs. ** Indicates p ≤ 0.01 compared to vehicle-treated 

female- or male-derived BMDMs cultured under E2-depleted conditions by use of two-way ANOVA with Tukey’s post-hoc correction (left 

panel). *** p ≤ 0.001 and **** p ≤ 0.0001 is compared to vehicle-treated female or male BMDMs cultured under E2-enriched conditions 

(right panel). Results are shown as the average of 2 independent experiments. All error bars are SEM. 
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Supplementary Table S1: Product information 

Product Company Catalog number 

27-hydroxycholesterol Obtained via Prof. Plat  

2-hydroxypropyl-beta-cyclodextrin Sigma-Aldrich H107 

Formaldehyde Sigma-Aldrich P6148-500g 

Chloroform Merck 1.02445.1000 

Isopropanol Sigma-Aldrich 33539-2.5L 

Ethanol Sigma-Aldrich 32221-2.5L 

DEPC sterile H2O Sigma-Aldrich D-5758 
iScript cDNA synthesis Bio-Rad 170-8891 

Acetone VWR 20066.296 

H2O2 Merck 1.07210.1000 

Fetal calf serum Bodinco BDS-12251 

ABC kit Vectastain PK-6100 

Mac1 antibody; rat-anti-mouse Biolegend 101207 

rat-anti-mouse Ly6-C, NIMP Hycult Biotech HM1039PE-100 

anti-rat-PO secondary antibody DAKO P0450 

Anti-rat-BIO secondary antibody Southern Biotech 6180.08 

Normal mouse serum Invitrogen 31881 

AEC kit Bio-connect A85SK-4200.S1 

Hematoxylin Klinipath 4085.9002 

Faramount aqueous mounting medium DAKO S302580 

Entallan Merck 1.07961.1000 

RPMI-1640 GIBCO Invitrogen 61870-010 

Penicillin & Streptomycin GIBCO Invitrogen 15140-148 

L-glutamine GIBCO Invitrogen A2916801 

24-well plates Greiner 662102 

Stripped estrogen serum GIBCO A33821-01 

Estradiol Sigma-Aldrich E2758-250MG 

Naphthylethylenediamine 

dihydrochloride 

Sigma-Aldrich N9125 

Sulfanilamide Sigma-Aldrich S9251 

Phosphoric acid Merck 1.00573.1000 

Tumor necrosis factor alpha ELISA kit Invitrogen 176448001 

Interleukin 10 ELISA kit Invitrogen 218449-002 

LXRb ELISA kit Medical Supply company MOEB0190 

Estrogen receptor alpha Elabscience E-EL-M0476 

Estrogen receptor beta Elabscience E-EL-M0490 
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Supplementary Table S2: Primer sequences for qRT-PCR 

Gene Primer forward Primer reverse 

TNFA CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACC

C 

CXCL2 AGTGAACTGCGCTGTCAATGC AGGCAAACTTTTTGACCGCC 

CD68 TGACCTGCTCTCTCTAAGGCTACA TCACGGTTGCAAGAGAAACATG 

ITGAM ACTTTCAGAAGATGAAGGAGTTTGTCT TGTGATCTTGGGCTAGGGTTTC 

ICAM CTACCATCACCGTGTATTCGTTTC CGGTGCTCCACCATCCA 

IL18 GACTCTTGCGTCAACTTCAAGG CAGGCTGTCTTTTGTCAACGA 

Il1B AAAGAATCTATACCTGTCCTGTGTAAT

GAAA 

GGTATTGCTTGGGATCCACACT 

LXRB AAGCAGGTGCCAGGGTTCT GTTTCTAGCAACATGATCTCAAT

GGT 
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Supplementary Table S3: Population characteristics Maastricht cohort 

 

 

 

 

 

 

 

 

 

 

 

Data are represented as mean ± SEM  

*Indicates p ≤ 0.05 compared to females by use of two-tailed unpaired t test 

 

Supplementary Table S4: Characteristics of seven week-old Npc1nih mice 

 

 

 

 

 

 

 

 

 

 

 

Data are represented as mean ± SEM  

 

 

 

 Females Males 

n 21 13 

Age (years) 43.76 ± 2.16 45.62 ± 2.33 

BMI (kg/m2) 45.03 ± 1.68 44.70 ± 2.47 

Waist/hip ratio 0.98 ± 0.06 1.11 ± 0.02 

Plasma total cholesterol (mg/dl) 184.3 ± 9.82 159.3 ± 6.60 

Plasma HDL (mg/dl) 39.22 ± 3.32 34.03 ± 2.87 

Plasma LDL (mg/dl) 138.9 ± 6.13 113.7 ± 10.77* 

Plasma triglycerides (mg/dl) 187.7 ± 25.67 142.2 ± 27.06 

   

 Females Males 

n 4 4 

Total weight (g) 10.73 ± 0.80 12.43 ± 0.93 

Relative liver weight 0.08 ± 0.002 0.09 ± 0.006 

Relative spleen weight 0.006 ± 0.001 0.007 ± 0.001 

Plasma total cholesterol (mg/dl) 102.0  ± 1.56 112.8 ± 17.58 

Plasma triglycerides (mg/dl) 26.76 ± 3.35 43.35 ± 11.36 

Liver total cholesterol (mg/dl) 0.02 ± 0.001 0.03 ± 0.001 

Liver total triglycerides (mg/dl) 0.005 ± 0.0008 0.007 ± 0.0005 
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Abstract 

Unhealthy Western-type diet and physical inactivity are highly associated with the current obesity 

epidemic and its related metabolic diseases such as atherosclerosis and non-alcoholic steatohepatitis. In 

addition, increasing evidence indicates that obesity is also a major risk factor for several types of 

common cancers. Recent studies have provided correlative support that disturbed lipid metabolism 

plays a role in cancer risk and development, pointing towards parallels in metabolic derangements 

between metabolic diseases and cancer. An important feature of disturbed lipid metabolism is the 

increase in circulating low-density lipoproteins, which can be oxidized (oxLDL). Elevated oxLDL and 

the level of its receptors have been positively associated with increased risk of various types of cancer. 

This review discusses the pro-oncogenic role of oxLDL in tumor development, progression and 

potential therapies, and provides insights into the underlying mechanisms.  
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Introduction 

According to the World Health Organization (WHO), it has been estimated that the global burden of 

cancer has risen to 18.1 million new cases and 9.6 million deaths in 2018, with an estimated 5-year 

prevalence of 43.8 million, putting cancer as the second leading cause of deaths worldwide (1). In 

parallel, the prevalence of risk factors for metabolic syndrome, such as overweight and obesity, have 

reached pandemic levels (2). Recent clinical data suggest that individuals with obesity are at an 

increased risk of developing several types of cancer with 5-7% of new cancer cases attributed to 

overweight and diabetes (3-6). Mechanisms linking obesity with increased cancer development, 

progression and decreased treatment response (7) include adipose tissue dysfunction, increased 

circulating levels of hormones, low-grade chronic inflammation and perturbed lipid metabolism (8).  

In recent years, lipid metabolism has been accepted as one of the major metabolic pathways involved 

in many aspects of cancer cell function including signaling processes related to cell transformation and 

tumor development. Hence, in recent years, various studies explored the involvement of different types 

of lipids and/or related pathways in carcinogenesis, cancer progression, malignancy and metastasis. 

Relevantly, a prominent feature related to dysregulated lipid metabolism and inflammation is the 

increased production of oxidized cholesterol-rich low-density lipoproteins (oxLDL), which results from 

elevated oxidative stress. Reactive oxygen species (ROS) are by-products of cellular metabolism, 

particularly generated by mitochondrial respiration (9). Normal cellular levels of ROS play an active 

role in regulating cell signaling pathways governing growth, proliferation, survival, angiogenesis and 

metabolism through increased expression of oncogenic genes such as hypoxia-inducible factor 1-alpha 

(HIF1-α), NF-κb, phosphoinositide 3-kinases (PI3K) and mitogen-activated protein kinase (MAPK) 

(10, 11). Low physiological levels of ROS are maintained through active scavenging by antioxidants. 

However, in case the production of ROS exceeds cellular antioxidant scavenging capacity, oxidative 

stress occurs, leading to several pathological disorders, such as cardiovascular and neurodegenerative 

diseases (12). High levels of oxidative stress result in damage to cellular macromolecules such as 

proteins, DNA and lipids (13, 14). In the latter, changes can be induced in lipids carried by lipoproteins 

as well as in lipoproteins themselves. As such, low-density lipoproteins (LDL) can become susceptible 

to oxidative modifications, for instance in plasma or when retained in the artery wall (15), leading to 

conversion of LDL into oxLDL. Increased levels of oxLDL are strongly correlated to various 

(metabolic) diseases. OxLDL for instance plays a primary role in metabolic syndrome (MetS)-related 

diseases such as atherosclerosis (16), in which the uptake and degradation of oxLDL by macrophages 

is considered the main event initiating the formation of cholesterol-enriched foam cells that play a 

crucial role in the pathogenesis of atherosclerosis (15, 17). Similarly, intracellular accumulation of 

oxLDL in liver resident macrophages contribute to inflammation and disease progression of non-

alcoholic steatohepatitis (NASH) (18). Importantly, the risk factor oxLDL has also been implicated in 

many aspects of cancer. This is exemplified by various studies showing increased levels of serum 
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oxLDL in patients with breast, pancreas, colon or esophageal cancer (19). Additionally, oxLDL has 

been shown to induce mutagenesis, stimulate proliferation, initiate metastasis and induce treatment 

resistance (20, 21). Mechanisms underlying these pro-oncogenic effects include epithelial-to-

mesenchymal transition (EMT), induction of protective autophagic responses, activation of the 

inflammasome and stimulation of survival pathways through the release of growth factors, cytokines 

and other pro-inflammatory markers (20, 22). 

Given that increasing evidence unequivocally underlines the contribution of oxLDL to the development 

and progression of cancer, in the current review we will provide insights into the role of oxLDL in 

cancer pathology highlighting the effects of oxLDL on oncogenesis, cancer progression and metastasis. 

Finally, we will evaluate the impact of oxLDL on cancer treatment, and hence, explore possibilities for 

future intervention strategies.  

 

OxLDL and carcinogenesis 

Animal experiments as well as human epidemiological data have provided ample evidence that fat-

enriched diets and lipid-related diseases increase the incidence of certain types of cancer, such as breast, 

prostate, colon and liver cancer (23-25). In that context, plasma lipids have been shown to correlate 

with several types of cancers, as exemplified by clinical pathological studies demonstrating that plasma 

levels of total cholesterol (TC), triglycerides (TG) and LDL were significantly higher in breast cancer 

patients compared to healthy controls (26-28).  

High fat diet can induce a switch towards a favorable microenvironment that supports the development 

and growth of cancer cells. Such a switch can be achieved through changes in hormonal environment 

or the properties of cell membranes, the latter due to alterations in lipid composition, or by means of 

modulating immune responses to tumor cells (29, 30). In addition, similar to observations in lipid-

related metabolic diseases such as obesity and NASH, oxidative stress will result in oxidation of LDL 

to oxLDL, leading to a plethora of pro-mutagenic and pro-carcinogenic effects (31). Various clinical 

studies underscore the role of oxLDL in the carcinogenic process and positive correlations between 

increased serum oxLDL concentration and cancer risk have been reported for pancreatic, colon, breast 

as well as esophageal cancer (32-35). Additionally, in a clinical study of colorectal cancer (CRC) 

patients, products of lipid oxidation as a consequence of oxidative stress, including oxLDL, were 

studied as potential markers of CRC development. Although this study did not observe significant 

differences in oxLDL serum levels between CRC patients and healthy controls, levels of oxLDL were 

shown to be significantly higher in patients with an early stage of primary tumor compared to patients 

with advanced stage primary tumor progression (19).  
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The human body is capable of producing autoantibodies against oxLDL (referred to as o-LAB), which 

can aid in the clearance of oxLDL from the blood (36). In accordance with the study of Suzuki et al., 

who showed a positive correlation between serum oxLDL and increased CRC risk, Diakowska et al. 

also showed that o-LAB plasma levels in patients with CRC were significantly increased compared to 

healthy controls and correlated with plasma levels of oxLDL. In line, oxLDL levels have also been 

shown to be significantly increased in patients with breast or ovarian cancer compared to healthy 

controls (37). These clinical observations reinforce the notion that oxLDL and its antibodies may play 

a crucial role in carcinogenesis, an observation further supported by data of Esterbauer et al., who 

showed that components of oxLDL such as 4-hydroxynonenal could stimulate mutagenesis in vitro. In 

this study, sub-cytotoxic levels of 4-hydroxynonenal administered to primary rat hepatocytes led to 

increases in micronuclei, chromosomal aberrations and sister-chromatid exchange, indicating increased 

DNA damage (38). In addition, it has been shown that oxLDL can potentially contribute to induction 

of cancer by increasing the expression of microRNA-210 (miR-210) (39). MiR-210 is regulated by HIF-

1α and is known to have tumorigenic effects through modulation of cell cycle regulation, DNA damage 

repair, mitochondrial metabolism, tumor growth, apoptosis and angiogenesis (40). MiR210 has also 

been shown to inhibit sprouty-related EVH1 domain 2 (SPRED2), a protein that reduces cell migration. 

Chen et al. found increased miR-210 and reduced SPRED2 levels in aortas of mice fed with a high-fat 

diet as well as in tumor tissues, suggesting that miR-210 signaling can be an underlying mechanism to 

explain oxLDL as a common risk factor for cardiovascular disease and gastrointestinal cancer. 

Recent evidence suggests that the receptors for oxLDL, i.e., cluster of differentiation 36 (CD36) and 

Lectin-Like Oxidized LDL Receptor-1 (LOX-1) are upregulated in and contribute to pathophysiology 

of dyslipidemia-related diseases such as cardiovascular disease and obesity (41, 42). Although these 

receptors are also known to be overexpressed in a variety of cancers and have been associated with 

increased cancer progression (see next section), there is currently no data available on whether 

overexpression of these receptors increase the risk of cancer, although that link may be evident. Future 

research is warranted to establish a link between these receptors and cancer risk. Collectively, these 

studies demonstrate clear associations between oxLDL and its antibodies with carcinogenic processes 

(Figure 1) in several types of cancer and underscore the close relationship between metabolic diseases 

and cancer. 
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 Figure 1 Carcinogenesis: Hyperlipidemic individuals have increased levels of plasma lipids including LDL in addition to elevated 

systemic inflammation. High systemic inflammation is often paired with oxidative stress leading to increased reactive oxygen species (ROS). 

In turn, high levels of ROS transform LDL into oxidized LDL (oxLDL), which can have mutagenic effects including damage to DNA. Elevated 

levels of oxLDL increases the risk of carcinogenesis. Furthermore, elevated plasma levels of oxLDL can lead to increased titers of natural 

antibodies against oxLDL, which may have diagnostic values for cancer risk.  
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OxLDL and cancer progression 

Besides playing an important role during the onset of cancer, oxLDL has been shown to exert 

stimulating effects on cancer cell proliferation, thereby promoting cancer progression. Using quiescent 

human fibroblasts, Zettler et al. demonstrated that oxLDL can serve as an independent mitogenic factor 

increasing the expression of cell cycle-activating proteins, which in turn stimulated cell growth (43). 

These data are in line with Hale et al. showing that administration of oxLDL, rather than LDL, 

significantly increased the proliferation of patient-derived glioblastoma xenografts, explicitly by 

stimulating expansion of the cancer stem cell population within the tumor (44). Similarly, Scoles et al. 

demonstrated that treatment of ovarian carcinoma cells with oxLDL, but not LDL, increased cell 

proliferation (21). These data support the effect of oxLDL on promoting tumor growth. Curiously the 

proliferative effect of oxLDL was reportedly reversed by using an agonist of the Liver x Receptor 

(LXR) which is an oxysterol nuclear receptor (21). In general, LXR activation leads to increased cellular 

expression of cholesterol efflux proteins. Particularly in immune cells residing in the tumor 

microenvironment, LXR activation leads to decreased expression of several proinflammatory cytokines 

that possibly promote proliferation of cancer cells (45, 46). Additionally, in cancer cells, LXR activation 

has also been shown to inhibit proliferation (47, 48). However, while oxLDL is loaded with oxysterols 

and therefore can activate LXR and lead to increased cholesterol transport (49) it is also known to 

induce proinflammatory effects in macrophages (50). As oxLDL and LXR affect inflammation in an 

opposite manner, it is unlikely that the effect of oxLDL on proliferation is mediated via LXR signaling. 

Therefore, it can be inferred that oxLDL may exert its effect on proliferation of both cancer and immune 

cells in the tumor microenvironment through an LXR-independent manner.    

In addition to the direct impact of oxLDL on cancer growth, recent studies also point towards a pivotal 

role for oxLDL-related receptors and the related downstream signaling pathways in the progression of 

cancer. Lipid-associated membrane receptors such as CD36 and LOX-1 are both important signaling 

membrane transporters involved in the uptake of oxLDL (51). Strikingly, genomic and proteomic 

profiling showed increased expression of these receptors in several cancer types as compared to their 

normal tissue counterparts (52, 53). In this context, CD36 was found to be overexpressed in 

glioblastoma patients compared to control. Furthermore, addition of oxLDL was shown to stimulate the 

proliferation of glioblastoma patient-derived xenografts, whereas siRNA-mediated knockdown of 

CD36 resulted in reduced proliferation (44). Similarly, overexpression of LOX-1 has particularly been 

demonstrated in the more advanced stages III and IV of human prostatic adenocarcinomas, suggesting 

an active role for LOX-1 specifically in disease progression (54). Overexpression of LOX-1 has also 

been observed in several other metabolic diseases including endothelial dysfunction, atherosclerosis 

and obesity (55, 56). In these disorders, binding of oxLDL to LOX-1 resulted in increased cell 

proliferation, cell motility and angiogenesis through the activation of Nf-Kb target genes such as 

vascular endothelial growth factor (VEGF), metalloproteinase-2 (MMP-2) and metalloproteinase-9 
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(MMP-9). Furthermore, it has been shown that oxLDL-mediated activation of such targets downstream 

of LOX-1 occurs in a dose-dependent manner. The observed increased target gene expression in turn 

enhances tumor angiogenesis in human prostate cancer cells facilitating tumor growth (57) and is 

potentially associated with the process of metastasis. Indeed, in addition to the role of oxLDL and its 

aforementioned receptors in cancer initiation and proliferation, recent evidence also points to a role for 

oxLDL and its receptors in the spreading of tumor cells through metastasis. Metastasis is a multistep 

process including: the acquisition of migratory and invasive abilities in the primary cancer site, entering 

of cancer cells into the bloodstream, exiting of cancer cells into the parenchyma of distant organs or 

tissues, and lastly cancer cell survival and proliferation to form macro-metastases (58).  Metastatic 

cancers are responsible for more than 90% of all cancer-related deaths (59), often due to the difficulties 

in surgical resection or treatment with conventional radiation and/or chemotherapy. Recently, a striking 

link between oxLDL and lymphatic vessel density has been found in the context of gastric cancer. Data 

from this study showed that oxLDL promoted lymphatic metastasis of gastric cancer in nude mice. 

These findings were also confirmed by clinical data demonstrating that plasma oxLDL levels positively 

correlated with lymphatic metastasis in patients with gastric cancer (60).  

A growing number of studies have recently shown that overexpression of CD36 also plays a prominent 

role in enabling cancer metastasis and therefore could be considered a biomarker of malignancy (44). 

The metastatic spreading of cancer cells is known to rely on CD36-mediated exogenous fatty acid (FA) 

uptake and metabolism through the fatty acid β-oxidation (FAO) pathway. Mechanistically, this implies 

that CD36-positive cells utilize FAO to more efficiently obtain the required energy to sustain and 

survive through the process of metastasis (59). In line, it has been shown that cells derived from human 

oral carcinomas express high levels of CD36, other lipid-related genes and initiate metastasis in a CD36-

dependent manner. More specifically, palmitic acid or a high-fat diet was shown to boost the metastatic 

potential of these metastasis-initiating cells in a CD36-dependent manner (61).  

An important mechanism through which cancer cells gain the ability to metastasize is via the epithelial-

to-mesenchymal transition (EMT), a process that confers cancer cells migratory abilities through 

acquisition of a series of stem-like properties. Cancer cells that undergo EMT lose their cell-cell 

adhesion capabilities and break through the basal membrane to gain access to the bloodstream (62). It 

is established that EMT can be triggered through dysregulated metabolism by means of various 

alterations in the microenvironment such as hypoxia, acidification and glucose deprivation (63). The 

overall deregulated metabolism enables cancer cells to circumvent the nutrient and oxygen supply 

limitation caused by the rapid primary cancer growth that would otherwise bottleneck the progression 

process. Several studies on cancer cells have shown that overexpression of genes specifically related to 

lipid metabolism can lead to EMT induction, thereby increasing the migratory and invasive properties 

of these cells. For instance, hepatocellular carcinoma (HCC) progression via induction of EMT is highly 

associated with the expression of CD36 and elevated free fatty acid (FFA) levels (64). Furthermore, 
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Park et al. showed that the binding of oxLDL to CD36 increased the activation of focal adhesion kinase 

1 (FAK1) and Ras-related C3 botulinum toxin substrate 1 (RAC1) (65). These proteins are in part 

responsible for the cellular morphological changes necessary for the initiation of EMT, including loss 

of polarity and actin polymerization (64). Other important metastatic events regulated by oxLDL are 

the expression and activation of MMPs and cytoskeletal restructuration (66). As previously mentioned, 

it was shown that oxLDL increased MMP-2/9 activity in a dose-dependent manner through its 

interaction with LOX-1 in prostate cancer cell lines. Likewise, LOX-1 is overexpressed in mammary 

and prostate cancer cells and its activation by oxLDL promotes EMT (66). Similar to prostate cancer, 

LOX-1 has also been suggested to play a role in the initiation of metastasis of gastric cancer (22). 

Recent findings suggest autophagy as an important mechanism through which oxLDL contributes to 

EMT in cancer. Autophagy is a catabolic process which mediates the degradation of dysfunctional 

cellular components. This mechanism allows cells to eliminate damaged organelles in addition to 

potentially dangerous molecules such as cytostatic compounds, ensuring the maintenance of cellular 

homeostasis. Autophagy is also a powerful survival strategy capable of improving resistance to 

unfavorable conditions such as cell-intrinsic or environmental stressful stimuli (e.g. nutrient 

deprivation, hypoxia) that cells experience when metastasizing (67). In line, several studies show that 

alterations in the autophagic machinery promote the metastatic spreading of cancer (68-71). During 

metastasis, the reorganization of cell-cell interaction properties and complete loss of extracellular 

matrix adhesion leads to the induction of cell death pathways. Initiation of the EMT program also leads 

to these massive cellular changes, which expose cancer cells to strong cell-death initiating stimuli. By 

activating autophagy, cells undergoing EMT can acquire resistance to cell death as a strategy to survive 

while spreading outside the tumor mass (67). In line, it has recently been shown that autophagy is 

required for lung metastasis of HCC cells (72). In that study, it was demonstrated in an orthotopic mouse 

model that silencing of the autophagic factors Beclin1 (BCN1) and ATG5 in liver cancer cells impaired 

the incidence of lung metastases. Furthermore, inhibition of autophagy did not seem to affect the 

migration or invasive capacity of liver cancer cells, although resistance to cell death and colonization 

in the lungs was found to be reduced (72). Another study using HUVEC cells showed that oxLDL is 

capable of inducing autophagy in part through activation microRNA‑155 (miR‑155) (73). Indeed, 

inhibition of miR-155 lead to reduced numbers of autophagic bodies in HUVEC cells treated with 

oxLDL (74). These findings suggest induction of autophagy as an additional mechanism through which 

oxLDL contributes to EMT in cancer. 

Taken together, there is growing evidence that the effects of oxLDL are not limited to associations with 

cancer initiation, but rather also involve effects on proliferation and metastatic processes (Figure 2), 

thereby contributing to cancer malignancy in a wide variety of cancers. 
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Figure 2 Cancer progression: OxLDL through interactions with its receptors CD36 or LOX-1 can lead to increased cell proliferation. 

CD36 mediated signaling can cause cancer cells to transform their phenotype to exhibit mesenchymal characteristics (EMT) and promote 

metastasis. During the stressful migration stage, cancer cells can utilize autophagy to meet energy requirements and insure survival. OxLDL 

signaling through LOX-1 can increase angiogenic factors in order to vascularize the tumor to gain access to sufficient nutrients. 
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OxLDL and cancer treatment 

Based on its involvement in the onset, progression and metastasis of cancer, the role of oxLDL and 

related receptors has gained increased awareness also in the context of cancer treatment and outcome. 

The potential of targeting receptors related to oxLDL to reduce metastasis has been demonstrated in a 

variety of orthotopic cancer models including melanoma, oral, breast, and ovarian cancers (75). For 

instance, Pascual et al. demonstrated that therapeutic inhibition of CD36, which is critically involved 

in the uptake of oxLDL, almost completely abolished the ability of those cells to metastasize without 

overt systemic side effects (61). Likewise, Nath et al. showed that inhibiting the CD36 receptor fatty 

acid uptake also mitigated the EMT phenotype in human liver cancer cell lines (64). In this study, 

human liver cancer cells were treated with fatty acids and exhibited increased migration compared to 

cells treated with fatty acids and a CD36 inhibitor. Additionally, this study found that fatty acids enact 

their driving effects on EMT through CD36-mediated upregulation of Nf-kb, which in turn induces 

WNT and transforming growth factor (TGF) signaling pathways. 

Apart from preventing metastasis, targeting oxLDL may also improve the outcome of current 

conventional therapies. Such an approach would be highly significant, as resistance to for instance 

chemotherapy or immunotherapy results in cancer progression and causes relapse. Few studies have 

looked into the role of lipids on therapy efficacy. For instance, Guillaumond et al. found a higher risk 

of pancreatic adenocarcinoma recurrence in patients with high LDL receptor expression and showed 

that blocking cholesterol uptake sensitized cells to chemotherapeutic drugs as well as strengthened the 

effect of chemotherapy on pancreatic adenocarcinoma regression (76). Similarly, several studies found 

that the use of statins, which are competitive inhibitors of the cholesterol synthesis enzyme 3-Hydroxy-

3-Methylglutaryl-CoA Reductase (HMGCR), as an adjuvant to chemotherapy, improved 

chemosensitivity in a variety of cancer cells (77). Likewise, statins have also been found to improve 

immunotherapy sensitivity by reducing immune cell exhaustion and thus reducing cancer-related 

mortality as well as tumor reoccurrence (78). 

OxLDL has also been shown to affect chemosensitivity in vitro, as demonstrated by the findings of 

Scoles et al., where the administration of oxLDL increased the IC50 of cisplatin and hence reduced 

chemosensitivity in ovarian carcinoma cell lines, as determined by an MTT assay (21). It was previously 

addressed that oxLDL was capable of inducing the expression of miR-155, which in turn activated 

autophagy that can function as a survival mechanism for tumors. In addition, Chen et al. showed that 

autophagy induced by overexpression of miR-155 led to chemoresistance in osteosarcoma cells (79). 

In this study, osteosarcoma cells treated with miR-155 mimics reduced the efficacy of chemotherapy in 

a dose-dependent manner. This finding suggests oxLDL-induced autophagy as a potential mechanism 

through which oxLDL confers resistance to chemotherapy. Nevertheless, studies investigating the direct 

the impact of oxLDL on chemoresistance are warranted to confirm this observation. 
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Altogether, although observations directly linking oxLDL to treatment outcomes are limited, these data 

point towards an important role for oxLDL and its receptors in cancer treatment (Figure 3) and open 

venues to study the potential of anti-oxLDL approaches as an adjuvant to current standard treatment 

options. 

 

 

 



Chapter 5 

124 
 

  

Figure 3 Cancer treatment: OxLDL can lead to CD36 signaling, thereby promoting EMT, a process known to induce radio-

resistance. Additionally, CD36 can upregulate the ABC-transporters (MDR), thereby promoting efflux of cytostatic drugs used in 

chemotherapy and hence inducing chemoresistance. Current treatment modalities include statins which can lower overall LDL cholesterol, 

anti-oxidants which through scavenging of ROS can reduce total plasma oxLDL, antibodies against oxLDL that can reduce oxLDL uptake by 

cancer cells and CD36 inhibitors, which can block downstream oxLDL signaling that confers treatment resistance. 
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Discussion and Conclusion 

The involvement of lipids in the pathology of cancer has gained increasing interest in recent years. A 

growing body of evidence indicates a contribution of oxLDL to the development of cancer through for 

instance increased oxidative stress-induced cell damage, the progression of cancer through activation 

of proliferative pathways or induction of invasive phenotypes. In addition, few studies explored the 

possibilities of targeting oxLDL either directly as a treatment option or in the context of increasing 

efficacy of existing therapeutic modalities. OxLDL may thus be considered an attractive therapeutic 

target in cancer.  

Given the potential role of oxLDL in metastasis and taking into account the importance of metastasis 

in defining prognosis and treatment outcome, targeting oxLDL may be beneficial in this context. We 

have previously established oxLDL as an attractive target in the pathology of NASH, in which targeting 

of oxLDL through the use of specific antibodies against oxLDL significantly improved liver lipid levels 

and reduced inflammation (50). These antibodies could potentially be tested for their ability to reduce 

metastatic spread. Yet, although several studies have pointed towards the promising potential of 

mitigating metastasis or EMT through inhibition of CD36, the direct impact of reducing oxLDL was 

never investigated. Since CD36 also has other important functions in the human body, such as fatty acid 

uptake in cardiac cells for energy metabolism (80, 81), direct targeting of oxLDL may be preferable to 

avoid probable side effects of long-term inhibition of CD36. 

To our knowledge, only one study has investigated the direct role of oxLDL on treatment efficacy, 

showing increased chemotherapy resistance in the presence of oxLDL (21). One of the most prominent 

mechanisms of chemoresistance is multi drug resistance (MDR) and the main players are the MDR 

receptors, which are in fact ATP Binding Cassette (ABC)-transporters. Several members of this 

transmembrane receptor super family have been found to transport various chemotherapeutic agents out 

of the cell, thereby decreasing their effectiveness (82, 83). ABC-transporters have the primary function 

of shuttling cholesterol out of the cell and are regulated by cholesterol sensing proteins such as LXR. 

Although it is not yet known how this direct link between oxLDL or lipids in general and their influence 

on the expression of the ABC receptors influences the efficacy of chemotherapy, the available data 

indicate the potential for this research area to be explored. Relevantly, it is also known that HIF1-α 

stabilization can induce chemoresistance through upregulation of MDR (84, 85). HIF1-α can be 

stabilized under both hypoxic as well as normoxic conditions. For instance, it has been shown in 

macrophages that oxLDL is capable of activating HIF1-a under normoxic conditions through redox 

mechanisms (86). As such, modulation of ABC transporters and stabilization of HIF1-a exemplify two 

more possible mechanisms along with the previously suggested effect on autophagy, through which 

oxLDL could have a direct impact on treatment outcome. More studies are needed that focus on the 

relation between lipids and the expression of MDR, looking into its correlation to chemotherapy 
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resistance. Additionally, attention should also be given to the potential involvement of oxLDL and its 

receptors in the area of immunotherapy, as recently LOX-1 was also found to be overexpressed in 

Polymorphonuclear myeloid-derived suppressor cells (PMN-MDSC). These cells are important 

regulators of the immune responses in cancer and are directly involved in stimulation of tumor 

progression (87).  

In conclusion, in this review we have highlighted the intricate involvement of oxLDL in tumorigenesis, 

progression, metastasis as well as treatment. Though there is sufficient evidence to establish oxLDL as 

an important player in cancer, there is a current lack of knowledge particularly on the impact of oxLDL 

on treatment efficacy and the viability of targeting oxLDL as an adjuvant to standard care. Considering 

the enormous impact of treatment resistance on patient outcome, we suggest future studies to further 

explore this area in order to better understand cancer resistance mechanisms and improve treatment 

outcomes. 
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Abstract 

Recent evidence established a link between disturbed lipid metabolism and increased risk for cancer. 

One of the most prominent features related to disturbed lipid metabolism is an increased production of 

oxidized low-density-lipoproteins (oxLDL), which results from elevated oxidative stress. OxLDL is 

known to have detrimental effects on healthy cells and plays a primary role in diseases related to the 

metabolic syndrome. Nevertheless, so far, the exact role of oxLDL in cancer cell metabolism is not yet 

known. To examine changes in metabolic profile induced by oxLDL, KLM-1 cells were treated with 

oxLDL in a dose- (25 or 50µg/ml) and/or time-dependent (4hr or 8hr) manner and the impact of oxLDL 

on oxygen consumption rates (OCR) as well as extracellular acidification rates (ECAR) was analyzed 

using Seahorse technology. Subsequently, to establish the link between oxLDL and glycolysis, 

stabilization of the master regulator hypoxia-inducible factor 1-alpha (HIF-1α) was measured by means 

of Western blot. Furthermore, autophagic responses were assessed by measuring protein levels of the 

autophagosomal marker LC3B-II. Finally, the therapeutic potential of natural anti-oxLDL IgM 

antibodies in reversing these effects was tested. Incubation of KLM-1 cells with oxLDL shifted the 

energy balance towards a more glycolytic phenotype, which is an important hallmark of cancer cells. 

These data were supported by measurement of increased oxLDL-mediated HIF-1α stabilization. In line, 

oxLDL incubation also increased the levels of LC3B-II, suggesting an elevated autophagic response. 

Importantly, antibodies against oxLDL were able to reverse these oxLDL-mediated metabolic effects. 

Our data provides a novel proof-of-concept that oxLDL induces a shift in energy balance. These data 

not only support a role for oxLDL in the progression of cancer but also suggest the possibility of 

targeting oxLDL as a therapeutic option in cancer. 
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Introduction 

 

Cancer is the second leading cause of deaths worldwide, which currently accounts for nearly ten million 

deaths (1). In particular, overweight and obesity, due to excess energy intake and decreased physical 

activity, have reached pandemic levels worldwide (2) and recent clinical data suggests that individuals 

with obesity are at an increased risk of developing several types of cancer (3-5).  

Mechanisms that are known to link obesity with increased cancer burden, i.e., cancer development, 

progression and decreased treatment response (6), include adipose tissue dysfunction, increased 

circulating levels of hormones, perturbed lipid metabolism and low-grade chronic inflammation (7). 

Chronic inflammation is strongly associated with increased secretion of cytokines in the circulation, 

which can lead to cancer-related cellular processes such as cell adhesion, chemotaxis, migration and 

angiogenesis (8).  Moreover, excess nutrient intake has been shown to increase the expression of 

multiple growth factors and hormones (9, 10) and is known to induce changes in gut microbiota (11), 

thereby influencing oncogenesis and tumor progression.  

One of the most prominent features related to excess nutrient intake and dysregulated lipid metabolism 

is the increased production of oxidized cholesterol-rich low-density lipoprotein (oxLDL), which results 

from elevated oxidative stress. Increased levels of oxLDL is known to have detrimental effects on 

healthy cells and plays a primary responsible role in metabolic syndrome (MetS)-related diseases such 

as atherosclerosis (12) and non-alcoholic steatohepatitis (NASH) (13). Strikingly, increasing evidence 

also points towards a correlation between circulating levels of oxLDL and the development of cancer 

(14), suggesting that oxLDL is a potent pro-oncogenic factor. Nevertheless, the exact metabolic role of 

oxLDL in cancer is not well-understood. 

In the present study, we hypothesized that oxLDL induces a metabolic shift in cancer. We demonstrate 

for the first time that incubating KLM-1 pancreatic cancer cells with oxLDL shifts the energy balance 

towards a more glycolytic phenotype, which is supported by oxLDL-induced stabilization of hypoxia-

inducible factor 1-alpha (HIF-1α), a master regulator of glycolysis. In line with these data, we also show 

that oxLDL, likely due to increased autophagic activity, increases the expression of the autophagosomal 

marker LC3B-II. Essentially, the addition of EO6 IgM antibodies against oxLDL were able to reverse 

the oxLDL-mediated metabolic effects.  

Altogether, our data provide a proof-of-concept that oxLDL induces a metabolic shift, which is involved 

in cancer progression. In addition, our data also supports the opportunity of targeting oxLDL as a novel 

therapeutic option in cancer. 
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Materials and methods 

 

Cell culture 

Human pancreatic cancer cell line KLM-1 (obtained from RIKEN BioResource Center) was cultured 

in high glucose (4.5 g/L) Dulbecco’s Modified Eagle’s Medium, supplemented with 10% (v/v) fetal 

bovine serum (USDA Approved, PAA, Pasching, Austria). Cells were maintained at 37°C, 5% CO2 in 

a humidified incubator. 

 

Energy metabolism assay 

KLM-1 cells were grown in DMEM + 10% FBS and seeded into 96XF plates @ 24000 cells/well and 

left to attach overnight at 37ºC. Metabolic profiles were generated by replacing the growth medium 

with assay medium 1hr before measurement according to the manufacturer guidelines (15). OxLDL 

(Alfa Aesar) was titrated to 25µg/ml over 60 min. Oxygen consumption and extracellular acidification 

rates were monitored using a Seahorse Bioscience XF96 Extracellular Flux Analyzer. Values were 

corrected versus baseline as well as for total protein content in each well. Total protein concentration 

was measured using a Pierce® (Waltham, MA, USA). Data were obtained and depicted using Wave 

2.6.0.31 software (Agilent). 

 

Western blot 

In 3 independent experiments, KLM-1 cells were grown in DMEM + 10% FBS and seeded into 6 well 

plates at 500,000 cells/well and left to attach overnight at 37ºC. Subsequently, cells were treated with 

oxLDL (25 or 50µg/ml; Tebu-Bio) for 4hr or 8hr. Alternatively, cells were either treated with oxLDL 

alone (50µg/ml), oxLDL (50µg/ml) + chloroquine (20µM), oxLDL (50µg/ml) + EO6 (14µg/ml; Avanti) 

or oxLDL (50µg/ml) + chloroquine (20µM) + EO6 (14µg/ml). Subsequently, cells were washed with 

cold PBS and lysed with cold RIPA buffer (50 mM Tris-HCL pH 7.5, 150 mM NaCl, 0.5% Sodium 

deoxycholate, 1% Triton X-100, 0.1% SDS) supplemented with a mixture of protease and phosphatase 

inhibitors (Complete and PhosStop; Roche). Lysates were centrifuged at 16,000 xg for 15 min, after 

which the supernatant was transferred to a new eppendorf and stored at -20ºC. The total protein 

concentration was measured using a Pierce® (Waltham, MA, USA) BCA protein assay. Equal amounts 

of protein were loaded on the gel. After SDS/PAGE, proteins were transferred to nitrocellulose 

membrane (Bio-Rad), which was blocked with 5% non-fat dry milk for 1h at room temperature. For 

detection, the membrane was incubated with an antibody against HIF-1α (1:2000 dilution; BD 

Transduction Laboratories; Catalogue #610959), β-Actin (1:2000 dilution; Cell Signaling, #4967) and 
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LC3B (1:1000 dillution; Cell Signaling, #2775) overnight at 4°C followed by 1h of incubation with 

donkey-anti-rabbit or rat-anti-mouse detection antibody, respectively, at room temperature (1:2000 

Jackson Laboratories, Bar Harbor, ME, USA). Signal was detected with the Biorad ChemiDoc™ 

XRS+System by enhanced chemoluminescence. Blots were subsequently quantified using ImageJ 

software (Ver 1.52R). HIF-1α, LC3B-I and LC3B-II levels were first corrected for loading by β-Actin, 

after which these levels were normalized to medium control or OxLDL respectively. Fold-changes are 

represented in bar graphs that were generated using GraphPad 6 software. 

 

Statistical analysis 

Data were statistically analyzed by performing two-tailed nonpaired t tests using GraphPad Prism 

(version 6 for Windows; GraphPad Software, San Diego, CA) for comparing differences in ECAR% 

between control and oxLDL-treated KLM-1 cells. One-way ANOVA with multiple comparisons Tukey 

pos-hoc test was used to compare differences of HIF-1α or LC3B-II between control and oxLDL treated 

KLM-1 cells pooled from 3 independent experiments. The results were visualized and expressed as the 

mean ±SEM and considered significant at p ≤ 0.05, * and ** indicate p ≤ 0.01 respectively. 
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Results 

 

OxLDL increases glycolysis in KLM-1 cells 

Oxygen consumption rate (OCR) is routinely used as an indicator of mitochondrial oxidative 

phosphorylation, whereas extracellular acidification rates (ECAR) reflect the state of lactate secretion 

into the medium, which is strongly linked to the levels of glycolysis in the cell. In order to investigate 

the effects of oxLDL on cellular energy balance in cancer cells, we titrated 25µg/ml of oxLDL, under 

normoxic conditions, to the pancreatic tumor cell line KLM-1 and measured real-time basal changes in 

OCR and ECAR over the course of 60 min. Whereas no effect was observed on OCR rates, our data 

showed that incubation with oxLDL shifted the energy balance towards a more glycolytic phenotype, 

as shown by a 20% increase in ECAR compared to control cells (Fig. 1A,B). 

 

 

Figure 1:  OxLDL shifts energy balance to a glycolytic profile. KLM-1 pancreatic cancer cells were titrated with 

oxLDL (25µg/ml). (A) Representative energy metabolism diagram of basal OCR vs. ECAR. (B) Difference in ECAR% 

between control and oxLDL-treated cells. **p<0.01 

 

OxLDL stabilizes HIF-1α protein  

HIF-1α is a master regulator of glycolysis and high levels of the stabilized protein is maintained in cells 

with high glycolytic rates. In order to determine the effect of oxLDL on HIF-1α protein stabilization, 

KLM-1 cells were incubated in the absence or presence of different concentrations of oxLDL (25 or 

50µg/ml, respectively) for 4hr or 8hr. Our results demonstrated that protein levels of HIF-1α increased 

in response to 50 but not 25µg/ml oxLDL treatment compared to control (p=0.056) (Fig. 2A,B; 

Supplemental Fig1). Furthermore, significant differences in HIF-1α protein were observed after 

incubation of 8hr compared to 4hr, suggesting that the oxLDL-mediated increase in ECAR resulted 

from HIF-1α protein stabilization in a dose- and time-dependent manner. 
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Figure 2: OxLDL stabilizes HIF-1α protein levels. KLM-1 cells were treated with oxLDL (25 or 50µg/ml) for 4hr 

or 8hr. (A) Representative Western blot of HIF-1α protein levels, (B) Quantification of HIF-1α protein. 

 

OxLDL increases autophagosomal marker LC3B-II 

In addition to its involvement in glycolysis, HIF-1α can also modulate autophagy in order to secure 

additional energy during metabolic stress responses such as hypoxia. It has been shown that the 

cytosolic protein LC3B-I is converted to autophagosomal marker LC3B-II during the fusion of 

endosomes with lysosomes, a process known as autophagosome formation (16). In order to assess 

whether autophagic activity is induced in response to oxLDL, we treated KLM-1 cells with or without 

oxLDL (25 and 50µg/ml, respectively) over a time course of 4hr and 8hr. Subsequently, protein levels 

of LC3B-II were determined with Western blot (Fig. 3A; Supplemental Fig1) and quantitative data 

analysis showed that incubation with oxLDL resulted in a 4-fold increase of LC3B-II protein expression 

after 8hr (p=0.07) (Fig. 3B; Supplemental Fig1).  

 

 

Figure 3 OxLDL increases LC3B-II proteins levels. KLM-1 cells were treated with oxLDL (25 or 50µg/ml) for 4hr 

or 8hr. (A) Representative Western blot of LC3B-I and LC3B-II protein levels, (B) Quantification of LC3B-II protein. 
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EO6 reverses oxLDL-induced metabolic changes 

Given the fact that natural IgM antibodies against oxLDL have been shown to ameliorate the adverse 

effects of oxLDL in several metabolic diseases, including NASH (17) and atherosclerosis (18), we 

assessed whether EO6 monoclonal antibodies against oxLDL were able to counteract the metabolic 

effects of oxLDL on HIF-1α and LC3B by treating KLM-1 cells for 8hr with oxLDL (50µg/ml) in the 

presence or absence of EO6 (14µg/ml). Additionally, cells were also treated with chloroquine (Cq; 

20µM) in order to ensure that any observed differences in LC3B-II were due to increased conversion 

of LC3B-I rather than differences in breakdown of LC3B-II. Chloroquine is a lysosomotropic weak 

base that diffuses into the lysosome, where it gets trapped, thereby changing the lysosomal pH and 

subsequently inhibiting autophagic degradation of proteins including LC3B-II (19). Our results showed 

that treatment with EO6 significantly reversed oxLDL-mediated increases in HIF-1α protein, in the 

presence of chloroquine (Fig. 4A,B). Similarly, treatment with EO6 also significantly reversed oxLDL-

mediated increases in LC3B-II protein, in the presence of chloroquine. (Fig. 4A, C; Supplemental Fig1).  

 

 

Figure 4: EO6 reverses oxLDL-mediated effects on HIF-1α and LC3B-II. KLM-1 cells were treated with oxLDL 

(50µg/ml) in the presence or absence of chloroquine (Cq; 20µM) and EO6 antibodies against oxLDL (14µg/ml) 

for 8hr. (A) Representative Western blot of HIF-1α and LC3B-I and LC3B-II protein levels, (B) Quantification of 

HIF-1α and (C) LC3B-II protein. 
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Discussion 

 

Metabolic reprogramming, referred to as an important cellular adaptation mechanism, is unequivocally 

considered a hallmark of cancer (20). Many studies have focused on gaining better insight into the 

complex nature of cancer cell metabolism both in-vitro (21, 22) and in-vivo (23), and recently, the 

impact of abnormal lipid metabolism in modulating cancer pathophysiology has received increasing 

interest (24). In the current study, we provide novel insights into the role of oxLDL in regulating cancer 

cell metabolism. 

Due to their high proliferation rate, cancer cells show a strong avidity for lipids and cholesterol, which 

they retrieve either from increased uptake of dietary lipids and/or cholesterol, or from enhanced 

lipogenesis and cholesterol synthesis (25, 26). One of the most prominent features associated with 

increased dietary lipids, and hence dyslipidemia, is low-density lipoprotein (LDL) oxidation. Oxidative 

modifications of LDL can occur as a result of elevated oxidative stress, a metabolic derangement known 

to be common in cancer and MetS-related diseases.  

Previously, it has been shown that increased levels of oxLDL has detrimental effects on healthy 

metabolic tissues, including the cardiovascular system (27) and the liver (28). For instance, oxLDL 

impaired mitochondrial respiration in porcine aortic endothelial cells due to reduced activities of 

mitochondrial complexes (29), likely inducing a metabolic shift. Furthermore, overloading 

macrophages with oxLDL triggered a metabolic switch that resulted in high levels of HIF1-α (30, 31), 

which is a master regulator of metabolism that is constitutively expressed in cells. Normally, in the 

presence of oxygen, HIF-1α is destabilized and targeted for proteosomal degradation (32). However, 

under abnormal conditions such as hypoxia, which is a common feature of cancer, HIF-1α is being 

stabilized, thereby mediating a switch towards glycolytic metabolism (33).  

Given the fact that oxLDL stimulates the proliferation of a variety of cell types, including macrophages, 

endothelial and smooth muscle cells (34-36), oxLDL has been suggested to have pro-oncogenic 

properties. Indeed, in the context of cancer, it has been reported that increased accumulation of oxLDL, 

which is related to hyperlipidemia, is highly associated with the development of several types of cancer, 

including colon, breast and ovarian cancer (14, 37, 38). Nevertheless, the exact mechanism of oxLDL 

on cancer cell metabolism has not yet been fully understood.  

In the present study, we demonstrate for the first time that incubating KLM-1 pancreatic cancer cells 

with oxLDL, under normoxic conditions, leads to HIF-1α stabilization. These data are in line with others 

showing that oxLDL induced HIF-1α protein accumulation in human macrophages (30, 31). 

Furthermore, these data also support the observed increase in basal ECAR levels, pointing towards 

oxLDL as an inducer of a metabolic switch towards glycolysis in cancer cells. Given that cancer cells, 
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even under non-hypoxic conditions, are capable of inducing HIF-1α and can actively shift their energy 

production from mitochondrial to glycolytic sources (39), our data suggest that treatment of oxLDL 

mimics a ‘Warburg’-like effect in KLM-1 pancreatic cancer cells. 

One of the most conserved physiological processes present in eukaryotes is autophagy, a catabolic 

pathway that is known to involve lysosomal degradation of organelles and cytoplasmic contents that 

are recycled for sustaining cellular energy requirements (40). It is known that under some 

circumstances, autophagy may be utilized as a cellular ‘suicide’ mechanism, thereby inducing cell death 

(41). Recent studies also discovered several protective functions for autophagy, including the regulation 

of intracellular lipid stores and a role in immunity, cell death and inflammation (42, 43). For instance, 

in the context of MetS, we demonstrated that oxLDL disturbs lysosomal function (28) and induces 

autophagy (44), which was correlated with hepatic inflammation, whereas others found that elevated 

levels of oxLDL enabled the selection and survival of cancer cells due to its involvement in protective 

autophagy (45), suggesting a multifaceted role of oxLDL.  

Previous studies showed that metabolic derangements, such as hypoxia, can cause a remarkable 

upregulation of HIF-1α (46), triggering cellular autophagy and glucose uptake in mouse granulosa 

tumor cells (47). In line with these studies, we showed that oxLDL treatment resulted in an increase in 

the autophagosomal marker LC3B-II, which is a central protein in the regulation of autophagy (48). 

Hence, our data suggest that oxLDL stabilizes HIF-1α, thereby activating the autophagic pathway, as 

shown by the concomitant increase in LC3B-II protein. Based on other studies (49, 50), it is very likely 

that these changes are responsible for the oxLDL-induced metabolic switch towards glycolysis observed 

in KLM-1 pancreatic cancer cells, which is crucial for cell survival. 

Given that oxLDL is involved in many aspects of metabolic diseases, it has become a promising target 

in chronic inflammatory diseases, in which lipid metabolism is disturbed. Exercise training (51, 52), 

lowering dietary fat intake (53) as well as antioxidant (54, 55), statin (56) and fenofibrate therapies (57) 

are therapeutic strategies that have been involved in lowering oxLDL levels. Relevantly, these strategies 

have also been shown to reduce cancer risk (58) or exhibit anticancer properties (59-61), of which some 

therapeutic modalities have been already used in clinical trials. In the context of MetS, several studies 

have demonstrated that circulating levels of oxLDL can also be effectively targeted in a more direct 

manner without inducing side effects, as unfortunately often seen with adjuvant therapies (62). Recent 

evidence indicates that immunizing hyperlipidemic mice with Streptococcus pneumoniae is an effective 

way of triggering a natural immune response (i.e., inducing an increase in monoclonal IgM 

autoantibodies) against oxLDL, thereby reducing atherosclerotic lesions (18). Similarly, in the context 

of NASH, we previously demonstrated that specific targeting of oxLDL by means of pneumococcal 

immunization also reduced hepatic inflammation (17), suggesting that the scavenging of oxLDL by 

anti-oxLDL autoantibodies might be a potent therapeutic strategy in cancer treatment. Obviously, 
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chronic inflammation is also strongly associated with malignant diseases (63, 64) and tumor-associated 

macrophages are known to represent the major inflammatory cell population in tumors. Hence, several 

studies explored the effects of anti-inflammatory strategies, such as nonsteroidal anti-inflammatory 

drugs, and showed their ability to prevent early onset of cancer (65) and reduce the risk of cancer (66), 

thus underscoring the significance of inflammation during neoplastic progression. 

In the current study, we explored the effects of natural IgM antibodies against oxLDL (referred to as 

EO6) in the context of cancer cell metabolism. Our results showed that EO6, by scavenging oxLDL, is 

capable of reducing the ability of oxLDL to stabilize HIF-1α and the subsequent increase in autophagy. 

One way in which cancer cells become resilient or resistant, and thus enhance their capability to 

proliferate or metastasize, is by metabolically switching to glycolytic profiles and inducing cellular 

protective autophagy. Hence, several strategies, focused on reorienting cancer cell metabolism from 

glycolysis to oxidative phosphorylation, have demonstrated a beneficial decrease in cell survival, 

invasiveness and tumor growth. For instance, Poteet et al. showed that methylene blue was capable of 

increasing oxygen consumption while reducing lactate production, thereby reversing the glycolytic 

profile and decreasing proliferation of glioblastoma cell (67). Another study showed that resveratrol 

increased ATP production and thus the oxidative capacity, while decreasing glycolysis, as shown by a 

reduction in the pentose phosphate pathway in colon cancer cells (68). Moreover, they also 

demonstrated that resveratrol was able to modify the lipodomic profile of these cells, which is likely 

important for its metabolic effects on cancer energy metabolism.  

 

Conclusions 

 

In the present study, we demonstrate for the first time that in addition to the known beneficial metabolic 

effects of the tumor microenvironment, oxLDL has a direct effect on pancreatic cancer cells by 

promoting a metabolic shift towards a more glycolytic phenotype. Furthermore, our data revealed that 

the addition of EO6 IgM antibodies against oxLDL were able to reverse these oxLDL-mediated 

metabolic effects. While there are several studies looking into the effects of oxLDLin other types of 

cancer, little is known about its effect in pancreatic cancer. As oxLDl is likely to also play a role in 

pancreatic cancer, future studies should therefore look into the effect of oxLDL in pancreatic cancer 

and evaluate the potential of targeting oxLDL as a novel therapeutic option in cancer. 
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Supplementary figures 

 

 

 

Supplemental Figure 1 OxLDL and EO6 affect HIF-1α and LC3B protein expression in KLM-1. A 

representative westernblot of HIF-1α and LC3B protein levels. KLM-1 cells were treated with oxLDL (25 or 

50µg/ml) for 4hr or 8hr. Additionally, KLM-1 cells were treated with oxLDL (50µg/ml) or oxLDL (50µg/ml) + 

EO6 (14µg/ml) in the presence or absence of chloroquine (20µM) for 8hrs. 
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Chapter 8 General Discussion 

 

Novel findings of this thesis 

With dysregulated lipid metabolism being among the top risk factors in a plethora of diseases such as 

NASH, NPC1 and cancer, lots of research has been done in recent years targeting lipids as a prevention 

or treatment strategy. While oxLDL is known to be involved in these diseases many of the underlying 

mechanisms are still not yet fully understood and in the case of cancer treatment not sufficiently 

explored. Therefore, in this thesis we explored the role of oxidized lipids with a primary focus on 

oxLDL in the pathophysiology of metabolic diseases such as NASH, NPC1 and cancer. In addition, we 

investigated the possibility to counteract the detrimental oxLDL-induced effects using specific anti-

oxLDL antibodies. The main findings of this thesis are listed below.  

1. OxLDL contributes to lysosomal lipid-induced hepatic inflammation. (Chapter 2) 

2. Increasing anti-oxLDL IgM autoantibodies ameliorates oxLDL induced inflammation in 

vitro. (Chapter 2) 

3. Inhibition of the proteolytic function of the lysosomal enzyme CTSD reduces 

inflammation in oxLDL-loaded BMDMs. (Chapter 3) 

4. OxLDL stabilizes HIF1-a under normoxic conditions in pancreatic cancer cell line KLM-

1. (Chapter 6) 

5. OxLDL induces autophagy in pancreatic cancer cell line KLM-1. (Chapter 6) 

6. OxLDL induces a metabolic shift towards glycolysis in pancreatic cancer cell line KLM-

1. (Chapter 6)  

7. Anti-oxLDL antibodies prevent oxLDL activation of HIF1-a and autophagy in pancreatic 

cell line KLM-1. (Chapter 6) 

8. Anti-oxLDL immunization reduces tumor burden and growth rate in murine NASH-

derived HCC. (Chapter 7) 

9. Cholesterol derivative 27HC affects inflammation differently in males versus females. 

(Chapter 4) 

10. Differences between males and females may be explained due to differential 

expression patterns of estrogen receptor subtypes. (Chapter 4) 

 

In the present thesis, strong links between oxLDL with various aspects of metabolic diseases have been 

disclosed through both cellular as well as preclinical and clinical studies, with several open questions 

that require further exploration. In the current chapter we bring together the results of the chapters to 

discuss the outlook on the future potential of targeting oxLDL in metabolic diseases. 
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Involvement of oxLDL in disease 

While oxLDL is long known to be a driver of disease particularly in metabolic diseases such as NASH, 

atherosclerosis as well as cancer, the mechanisms through which it does so remains poorly understood. 

OxLDL induces lysosomal dysfunction in part due to its resistance to lysosomal esterases (1). This 

effect further leads to impairment of lysosomal trafficking, maturation and fusion (2,3); increased 

lysosomal pH (4); triggering of various downstream inflammatory pathways such as formation of the 

NLRP3 inflammasome (5) and also direct damage to lysosomal membranes (6,7). In chapter 2, we 

demonstrated for the first time that lysosomal accumulation of oxidized lipids in blood-derived 

macrophages is a key trigger of hepatic inflammation using NPC1 mice as a severe model for NASH. 

This data is in line with studies within the atherosclerosis field, where oxLDL is thought to be one on 

the main drivers of foam cell formation & plaque inflammation through lipid build up (8-10). While 

hepatic steatosis is a prerequisite for NASH, it is still unknown what triggers hepatic inflammation to 

progress from simple steatosis to NASH. With oxLDL now shown to induce hepatic inflammation, it 

could mean that oxLDL may also be a possible factor contributing to the process of initiation of NASH. 

Furthermore, we recently identified lysosomal enzyme cathepsin D to be elevated in the plasma of 

NASH patients and correlated to increased systemic inflammation (11). OxLDL, through impairment 

of proper lysosomal function, could be responsible for the release of cathepsin D into the plasma, which 

in turn may play a role in systemic inflammation as demonstrated in chapter 3. There, a link between 

oxLDL and inflammation is suggested to be in part modulated by cathepsin D as its inhibition through 

the use of pepstatin decreases inflammation.  

Ample literature shows oxLDL also as a driver for cancer through a variety of mechanisms as 

summarized in chapter 5. Also, in this thesis, we explored the effect of oxLDL on metabolism in cancer 

cells, and as reported in chapter 6, we found that oxLDL affects pancreatic cancer cell metabolism 

driving these cells to have a phenotype associated with higher survival. This metabolic phenotype has 

also been reported in macrophages and strongly resembles the Warburg effect (12). It is widely known 

that cancer cells often times resort to the utilization of glycolysis over the regular oxidative 

phosphorylation despite the presence of adequate levels of oxygen (13). Since its discovery in 1924, 

this phenomenon has been an unresolved puzzle with several hypothesis suggested. With lipids playing 

an important role in cancer and now oxLDL shown to induce a metabolic profile similar to that of the 

Warburg effect, the answer to this longstanding mystery could possibly be tied to oxidized lipids and 

their effects on mitochondrial function and HIF-1α stabilization. modulate autophagy in order to secure 

additional energy during metabolic stress responses such as hypoxia. 

In this thesis, we have reaffirmed the heterogeneity of the involvement of oxLDL in several diseases. 

The fact that oxLDL is involved in these many aspects of disease is remarkable in its own right and 
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reinforces the importance of proper functioning of cholesterol metabolism pathways. Though much is 

still unknown on how exactly oxidized lipids e.g. oxLDL lead to disease, we have elucidated a small 

part of that process.  

 

oxLDL as a therapeutic target 

Complementary to the findings related to oxLDL as a driver of metabolic disease, this thesis also 

establishes the promising possibility using oxidized lipids as therapeutics or of targeting oxLDL through 

the use of antibodies to either revert or lessen the impact of lysosomal dysfunction mediated 

inflammation.  

OxLDL is loaded with 7-ketosterol, which through Cyp27a in the cell is converted into the bile acid 

precursor 27HC (14). In recent years the therapeutic potential of 27HC has been explored for its ability 

to reduce inflammation. As reported in chapter 4, we noted that while 27HC does in fact have anti-

inflammatory properties as also reported by others, it does not have this effect in all patients, with sex 

being the determining factor for outcome. While it is known that there are differences in disease 

phenotype of responses to treatment based on gender, the mechanisms for these observed differences 

have not yet been elucidated. As discussed in chapter 4, there are discrepancies in response between 

men and women when it comes to for instance the usage of 27HC as a therapeutic agent. It has also 

been reported that men and women show differences in outcomes in response to chemotherapy. In 

chapter 4 we bring forth preliminary evidence, which suggests that differences between men and 

women could in part be due to different expression levels of the ERs in the same tissue type. As many 

genes have regulatory elements managed by the ER, it may be one of the possible pathways that dictate 

differences between cellular function of men and women. With personalized therapy being on the rise 

in recent years, it may very well be that sex would also be an important criterion to consider when 

diagnosing or recommending treatment. 

As shown in chapters 2 & 6, antibodies against oxLDL show promising therapeutic potential by 

reducing the adverse effects of oxLDL on BMDMs and pancreatic cancer cells. Additionally, these 

antibodies have also been explored in the context of atherosclerosis as well as NPC1 where it showed 

to ameliorate the disease (15,16). Similarly, though the results are preliminary (due to the Covid-19 

situation and related measures) and the study still ongoing, in chapter 7 anti-oxLDL immunization 

strategies is shown to also ameliorate HCC as evidenced by reduced tumor burden and growth. While 

the exact mechanism on how these antibodies mediate the effects of oxLDL is not fully understood, 

sequestration or altered processing of oxLDL, the potential for its therapeutic use is undeniable and 

therefore further studies are currently underway to further evaluate the usefulness of utilizing these 

antibodies as a therapeutic means to combat the metabolic effects of oxLDL. As alluded to in chapter 

3 part of the effect of oxLDL on inflammation may be mediated through cathepsin D and as summarized 
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in chapter 5 oxLDL receptors also play a noteworthy role in not only the uptake of oxLDL but also 

cell signaling. Based on these observations it may also be worthwhile targeting these downstream 

effectors and receptors of oxLDL using specific inhibitors as an alternative or complementary to oxLDL 

antibodies. 

In summary, this thesis provides new insights into the depths of the involvement of oxLDL in several 

pathologies as alludes to possible mechanisms related to this involvement. Furthermore, this thesis 

addresses a means of therapeutically targeting oxLDL through the use of antibodies. Additionally, our 

findings also suggest the effect of sex on disease and treatment outcome. Taken together, our findings 

provide valuable mechanistic evidence of the involvement of oxLDL in disease and future research 

should endeavor to further elucidate these mechanisms particularly in the area of cancer therapy 

efficacy. 
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Summary 
 

The main focus of this thesis was to elucidate the role of oxidized lipids with a primary focus on oxLDL 

in the pathophysiology of metabolic diseases such as NASH, NPC1 and cancer. A variety of in vitro, in 

vivo and clinical study methods were employed to assess the disease progression markers affected by 

oxLDL or derivatives thereof such as inflammation, metabolism and response to treatment. In addition, 

we also sought to validate the use of antibodies against oxLDL as a promising readily-available 

therapeutic tool to prevent the detrimental effects of oxLDL in cancer. 

Chapter 1 provides a global overview of lipids, in particular oxidized lipids, lysosomal enzymes such 

as cathepsin D and the role they play in metabolic diseases  

Chapter 2 explores the direct effects of oxLDL on the inflammatory status of macrophages, which are 

thought to be the main drivers of inflammation in diseases featuring dyslipidemia, as well as verifying 

the ability of anti-oxLDL antibodies to prevent these effects. Here OxLDL was found to contribute to 

lysosomal lipid-induced hepatic inflammation and increasing anti-oxLDL IgM autoantibodies 

ameliorates oxLDL induced inflammation in vitro. 

Chapter 3 evaluates the effects of CTSD inhibition on the oxLDL mediated modulation of 

inflammation in macrophages in order to explore its therapeutic viability. The findings demonstrated 

that inhibition of the proteolytic function of the lysosomal enzyme CTSD reduced inflammation in 

oxLDL-loaded BMDMs. 

Chapter 4 covers a novel attribute of an oxidized lipid (27-hydroxycholesterol) with promising lipid 

lowering therapeutic potential that shows different effects in men versus women. Here it was observed 

that cholesterol derivative 27HC affects inflammation differently in males versus females. These 

differences between males and females are thought to be due to inherent differential expression patterns 

of the estrogen receptor subtypes between the two sexes. 

Chapter 5 Reveals the current state of our general understanding of the effects of oxLDl in cancer 

Chapter 6 aimed to further elucidate the metabolic effects of oxLDL in cancer. Here it was found that 

oxLDL caused a metabolic shift towards glycolysis, stabilized HIF1-a under normoxic conditions and 

induced autophagy in pancreatic cancer cell line KLM-1. In addition, anti-oxLDL antibodies prevented 

the oxLDL mediated activation of HIF1-a and autophagy. 

Chapter 7 showcases preliminary results of an ongoing in vivo experiment which looked into the 

effects of pneumococcal immunization in a NASH-HCC mice model. Here it was uncovered that anti-

oxLDL immunization using heat-inactivated pneumococci reduces tumor burden and growth rate in 

murine NASH-derived HCC. 
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Finally, chapter 8 discusses the overall conclusions of this thesis and addresses open questions that can 

be further investigated in future research in this context. 
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Valorization 
 

Social and clinical relevance 

The metabolic syndrome and cancer are among the top ten causes of deaths in upper middle-income 

and high-income countries to date placing high socioeconomic burdens on the developed world making 

them top world health concerns. NAFLD is the hepatic component of the metabolic syndrome. 

Currently, the prevalence of NAFLD is estimated to be 25% world-wide, predominantly in the West, 

with NASH making up 5% of the world population (1,2). Similarly, cancer is among diseases with the 

highest prevalence worldwide tallying 18 million new cases in 2018 alone (3). Clinicians face major 

challenges in diagnosing and treating NASH as early non-invasive testing is unavailable and the exact 

underlying mechanisms triggering hepatic inflammation are still largely unknown making liver 

transplantation the only effective treatment for advanced liver disorders stemming from NASH (4). 

Because of this, there is currently an enormous demand for novel more effective early non-invasive 

diagnostic and therapeutic tools for NASH. Also, cancer therapy suffers from major therapy-limiting 

factors such as the occurrence of therapy resistance, a persisting issue despite significant advances of 

(neo-)adjuvant chemotherapy and radiotherapy treatment protocols. Although these improvements have 

undoubtedly led to improved short-term cancer outcomes and reduced tumor burden, long-term survival 

and tumor eradication remain disappointing even though major progress in understanding of the 

molecular basis of treatment response has been acquired in recent years. In order to improve long-term 

outcomes, it is important to establish complementary intervention strategies that sensitize tumors to 

current therapies to increase the therapeutic ratio. As previously discussed in this thesis, there are 

striking similarities between metabolic derangements in cancer and diseases related to the metabolic 

syndrome e.g. atherosclerosis and NASH (5). Subject of this thesis in particular is the similarity of 

broad involvement of oxLDL in the pathologies of NASH and cancer. While oxLDL is long known to 

be a driver of disease particularly in metabolic diseases such as NASH, atherosclerosis as well as cancer, 

the mechanisms through which it does so remains poorly understood. By further exploring the role of 

oxLDL and related components in the pathophysiology of these metabolic diseases this thesis 

showcases the therapeutic potential of a non-invasive method of counteracting the detrimental oxLDL-

induced effects through use of specific anti-oxLDL antibody strategies. Successful translation and 

implementation of these findings in the future into the clinic would potentially lead to improvement of 

quality of life for NASH and cancer patients and reduction of treatment cost.  
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Novelty of the concept 

In this thesis we investigated the mechanism through which oxLDL contributes to inflammation in 

NASH and the potential of oxLDL targeting in this setting. Hence this thesis provides new mechanistic 

insights of direct effect of oxLDL and the potential of directly targeting oxLDL in the context of NASH. 

Furthermore, while oxLDL has been extensively studied for its effect on cancer development and 

progression there has been no attempts to ascertain the benefits of targeting oxLDL directly in the 

context of cancer and little to no research on the effect of oxLDL on cancer therapy (3). This thesis 

expanded on the prospect of targeting oxLDL directly and suggests that this approach may be promising 

for future consideration. Finally, in recent years many studies have suggested that the future of therapy 

should be developed in the form of personalized treatment. This thesis further demonstrates the need 

for this consideration and that sex be a strong determining factor for this based on the duality of response 

to 27HC in men and women. In addition, this thesis also suggests a novel mechanism where differences 

ER receptor expression between men and women may possibly be key to explaining the differences in 

response to treatment between men and women. 

 

Future perspectives and potential application 

The studies described in this thesis facilitate the clinical translation of using oxLDL antibodies in NASH 

and cancer treatment. The fact that antibodies against oxLDL are naturally present in the human body 

makes them particularly attractive targets for intervention. And as there are already existing vaccines 

and new ones being developed to induce immunity against pneumococci infection which do not lead to 

any side effects, it further enables acceleration of the process of repurposing this vaccine for use in 

NASH and cancer clinical trials to target oxLDL. In the meantime, before this point of transition is 

reached, research is currently ongoing to further strengthen the basis of this approach. In particular the 

effectiveness of immunization in restoring treatment sensitivity in vivo will be determined. 

Additionally, the mechanism through which ER receptor expression is thought to result in variances of 

response between men and women still needs to be fleshed out and the effect of this verified across 

other diseases that show clear disparities between the sexes. This will facilitate future endeavors down 

the road to personalized treatment but also help with understanding mechanism of diseases that show 

discrepancies in pathophysiology between men and women. 
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