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Neuroinflammation and nutrition 

Neuroinflammation is a natural activation of the innate immune system of the 

brain aimed to restore disturbances of homeostasis, such as pathogen invasion and 

tissue damage. However, chronic and excessive neuroinflammation is believed to 

negatively affect brain functions, such as cognition, memory and mood. It is 

hypothesized that neuroinflammation plays a role in the pathology of several 

psychiatric and neurodegenerative brain diseases, such as depression, Alzheimer’s 

disease, Parkinson’s disease and cognitive decline [1–5]. 

Epidemiological studies demonstrate beneficial effects of some specific diets on the 

incidence of brain diseases in which neuroinflammation plays a role [6–9]. In 

recent years, there has been increasing interest in investigating nutrients that could 

be responsible for these protective effects [10–12]. These nutrients could be further 

investigated as dietary intervention for prophylaxis or treatment of brain diseases in 

which neuroinflammation is involved. 

 

A short overview of anti-inflammatory vitamins, 

fatty acids and indigestible oligosaccharides 

Recent studies have shown that food components, such as vitamins, omega-3 fatty 

acids, fibers and specific plant components, have anti-inflammatory properties 

[13,14]. Here we briefly discuss the most frequently investigated food components: 

fatty acids, vitamins and fibers (in particular indigestible oligosaccharides).  

1. Fatty acids 

1.1 Omega-3 fatty acids 

The anti-inflammatory effects of omega-3 fatty acids, docosapentaenoic acid 

(DHA) and eicosahexaenoic acid (EPA), and the role of these fatty acids in 

modulation of microglia activation have been extensively studied in animal models 

of e.g. sepsis, brain ischemia, and aging [14–19]. The anti-inflammatory effects of 

omega-3 fatty acids observed in animals are often accompanied by beneficial effects 

on behavior, such as amelioration of memory impairment [20,21]. Omega-3 fatty 

acids are considered as promising candidates that may help to prevent or reduce 
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 1 cognitive decline and depression [22–25]. The beneficial effects of omega-3 fatty 

acids could be mediated via an anti-inflammatory action of these nutrients, but 

may also be the result of their positive effects on neuronal signaling and plasticity. 

DHA is an indispensable component of the neuronal membrane, able to affect the 

lipid rafts and consequently to affect cell signaling [26].  

Despite promising results in pre-clinical investigations, clinical studies did not 

provide compelling evidence for the beneficial effects of omega-3 fatty acids yet. 

Some studies have demonstrated that omega-3 fatty acids lower inflammation 

biomarkers in plasma and tissue in patients affected by inflammatory disease, but 

other studies did not show any effect of omega-3 fatty acids on inflammation 

[27,28]. This discrepancy could be due to differences in study design and statistical 

approach. Moreover, the clinical studies aimed to reverse the effects of already 

established inflammation, whereas animal studies usually aimed to prevent the 

onset of inflammation [28].  

1.2 Phospholipids 

Phospholipids are esters of fatty acids and the components of cell membranes. They 

play an important role in the function of membranes and intracellular proteins, 

receptors, ion channels and enzymes. Phospholipids are abundant in brain tissue 

and alterations in the phospholipid profile have been associated with diverse 

pathological processes.  For example, altered phospholipid content is observed in 

the affected brain regions in patients with Alzheimer’s disease [29]. Some evidence 

from studies in humans suggests that phospholipids may have a positive effect on 

brain functions, such as memory and cognition [30–32]. In animals, phospholipids 

have also been shown to exhibit anti-inflammatory properties. The phospholipid 

phosphatidylcholine (lecithin) was shown to inhibit the production of tumor 

necrosis factor alpha (TNF), nitric oxide (NO) and reactive oxygen species (ROS) 

by microglia that were stimulated with interferon gamma (IFN-) or -amyloid 

[33]. The protective role of lecithin in inflammatory conditions was confirmed in 

lipopolysaccharide (LPS)-challenged rats, in which lecithin was able to reduce 

TNF levels in plasma and NO levels in the brain [34]. Although a direct effect of 

lecithin and other phospholipids on neuroinflammation has not been demonstrated 

in patients yet, preclinical data indicate that these compounds are promising to be 

tested in humans [35].  

 



Chapter 1  

12 

2. Vitamins 

2.1 Vitamin A 

Vitamin A is essential for the normal functioning and maintenance of the immune 

system. Vitamin A deficiency is one of the most common nutritional deficiencies, 

which can induce inflammation or exacerbate existing inflammation [36]. Vitamin 

A is metabolized in the cell to its active form, retinoic acid (RA). RA acts as a 

transcription factor through binding to Retinoic Acid Receptors (RARs) [37]. In 

vitro studies have demonstrated the ability of RA to inhibit the release of 

proinflammatory markers from activated microglia [38] and astrocytes [39] via 

interactions with RARs and inhibition of the production of transcription factor, 

Nuclear Factor Kappa B (NF-κ B). These effects were confirmed in animal models, 

in which strong systemic and/or central inflammation occurs. For example, in 

animal models for stroke [40], Alzheimer’s disease [41] and colitis [42] attenuation 

of disease progression due to inhibition of NF-κ B by vitamin A was observed. 

Moreover, vitamin A is indispensable for normal brain functioning and has been 

shown to positively affect several neurogenesis pathways [43]. The potential role of 

RA in human diseases that are characterized by peripheral inflammation has been 

discussed in several reviews [44–46]. However, the beneficial effect of vitamin A on 

neuroinflammation has not been demonstrated in humans yet. 

2.2 Vitamin D 

The anti-inflammatory effect of vitamin D has been extensively discussed in recent 

reviews [47–50]. Vitamin D acts via vitamin D receptors (VDR). The anti-

inflammatory and neuroprotective function of vitamin D has been demonstrated in 

vitro in microglia [51] and astrocytes [52], and in vivo in animal models with 

strong systemic and/or central inflammation such as colitis and stroke. Vitamin D 

supplementation in a rat model for colitis ameliorated disease progression and 

decreased the expression of proinflammatory cytokines by inhibition of apoptosis of 

intestinal epithelial cells [53]. In a rat model for stroke, a multi-nutrient 

supplementation containing elevated amounts of vitamin D decreased the brain 

damage and astrocyte proliferation [54], while vitamin D deficiency has been 

shown to increase brain injury and to deregulate the inflammatory response in a 

similar rat model of stroke [55]. There is also evidence for a positive impact of 

vitamin D on brain functions, such as cognition [56]. In humans, lower serum 

levels of vitamin D are associated with a higher incidence of mild cognitive 
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 1 impairment, multiple sclerosis, Parkinson’s disease and Alzheimer’s disease [57,58]. 

Therefore it has been suggested that vitamin D may play a role in the prevention or 

treatment of neurodegenerative diseases, because of, among others, its 

neuroprotective and anti-inflammatory properties [59]. 

2.3 B vitamins  

Deficiencies in vitamins B6, B9 (folic acid) and B12 have been reported to occur more 

frequently in patients with inflammatory disorders and neurodegenerative diseases 

[60,61]. Although these vitamins have never been shown to directly inhibit the 

activation of immune cells, they are involved in the metabolism of homocysteine. 

Depletion of vitamins B6, B9 and B12 leads to increased levels of homocysteine [62]. 

High levels of homocysteine can lead to vascular dysfunction and consequently to 

vascular dementia [63]. In addition, homocysteine can trigger inflammatory 

processes in for example endothelial cells [64], microglia [65,66] and astrocytes 

[67] in vitro. In vivo, deficiency of vitamins B6, B9 and B12, combined with excessive 

methionine consumption, leads to the development of hyperhomocysteinemia and 

vascular dementia with micro-hemorrhages and neuroinflammation [68]. 

Therefore, vitamins B6, B9 and B12 appear to be indirectly involved in proper 

functioning of the immune system. Moreover, B vitamins are crucial for normal 

neuronal functioning, as a strong deficiency of vitamin B1 can for example cause 

memory disorders (Korsakov syndrome). 

3. Indigestible oligosaccharides 

Dietary fibers are indigestible food components derived from plants. Components 

from dietary fibers like the indigestible galacto-oligosaccharides (GOS) and fructo-

oligosaccharides (FOS) can act as prebiotics, which means that they are not 

digested, but stimulate the growth of gut microbiota. Gut microbiota are involved 

in maintaining the integrity of the intestinal barrier and regulation of the immune 

system. Disruption of the normal microbiota community in the gut can change gut 

permeability and thus increase the susceptibility for pathogen infection [69]. FOS 

and GOS were investigated in vitro and in vivo primarily with the aim to 

demonstrate beneficial effects on the intestinal barrier [70,71]. However, it has also 

been proposed that the beneficial effects of GOS and FOS are not only due to 

stimulation of gut microbiota and protection of the intestinal barrier, but could also 

be due to direct interaction with immune cells [72]. For example, GOS alone or in 

combination with FOS were shown to inhibit TNFα  release from LPS-stimulated 
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peripheral blood mononuclear cells in vitro. However, the mechanism behind the 

direct modulation of immune cells by oligosaccharides remains unclear.  

There is increasing evidence suggesting a connection between gut and brain 

inflammation. Therefore, it is conceivable that indigestible oligosaccharides may be 

able to affect brain physiology and behavior. FOS and GOS supplementation 

could elevate the levels of brain derived neurotrophic factor in the hippocampus of 

rats [73]. Indigestible oligosaccharide can also affect behavior, as demonstrated in 

LPS-treated mice. In this study, GOS not only inhibited the inflammatory response 

and normalized cortical 5-HT2A receptor and IL1-β  concentration, but also 

reduced LPS-induced anxiety behavior [74]. A study in patients with minimal 

hepatic encephalopathy showed that FOS supplementation improved the score in 

the neuropsychological tests [75,76]. Supplementation of GOS (but not FOS) 

suppressed the neuroendocrine stress response (cortisol) in healthy volunteers [77]. 

There are promising preclinical studies indicating that indigestible oligosaccharides 

may exert anti-inflammatory properties and modulate brain physiology and 

behavior, however some other studies did not show any effects and consequently it 

is difficult to conclude whether indigestible oligosaccharides could have any 

therapeutic efficacy in humans. So far only a few clinical studies with indigestible 

oligosaccharides have been conducted and they do not provide sufficient 

information on anti-inflammatory effects of indigestible oligosaccharides in human 

diseases. 

 

In vivo investigation of the effects of nutrition on 

neuroinflammation 

The in vivo effect of a diet on neuroinflammation can be investigated in animal 

models. This allows preclinical evaluation of the efficacy of a nutritional 

intervention and assessment of the suitability of the intervention for clinical trials. 

The ability of the dietary intervention to affect neuroinflammation can be assessed 

by measuring the markers of neuroinflammation (activated astrocytes and 

microglia, proinflammatory signaling molecules) after the application of a diet. This 

can be investigated with diverse methods, like for example: 
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 1  post-mortem tissue analysis: immunohistochemistry, western blot, flow 

cytometry, enzyme-linked immunosorbent assay (ELISA). 

 non-invasive imaging methods, e. g. positron emission tomography (PET), 

single photon emission computed tomography (SPECT), computed 

tomography (CT) and magnetic resonance imaging (MRI). The main 

advantages of non-invasive imaging are the possibilities (I) to investigate the 

inflammatory process in the intact organism and (II) to translate the results 

from animal studies to human studies, because the same imaging method 

can be applied in both species. 

 

The principle of PET imaging 

Positron emission tomography (PET) is a highly sensitive, non-invasive imaging 

technique to visualize, characterize and measure biological processes at the 

molecular and cellular level. PET imaging is used for research and diagnostic 

purposes [78]. This method is based on the detection of positrons emitted from 

radioactive nuclei. 

Probes used in PET imaging (tracers) are biologically active substances, in which a 

radioactive isotope is incorporated. The most widely used isotopes for PET imaging 

are 11C, 18F, 89Zr, 13N, 15O, 64Cu, 62Cu, 124I, 76Br, 82Rb, 68Ga. All isotopes used in 

PET imaging are emitting β + radiation and have relatively short half-life of 

radioactive decay (the time in which half of the radioactivity is decayed), ranging 

from 1.27 min for 82Rb to 4.2 days for 124I. During β + decay, a proton (positively 

charged) is converted into a neutron (no charge), while emitting a positron and a 

neutrino. A positron is a particle with the same mass as an electron, but with an 

opposite charge. Positrons undergo annihilation with electrons in the tissue. 

Annihilation leads to the transformation of the mass of the electron and the 

positron into energy (1022 keV), according to Einstein’s formula E=mc2. The 

energy is generated as two photons with an energy of 511 keV that travel in 

opposite directions (figure 1). The PET camera consists of a ring of detectors which 

register the emission of the two photons by coincidence detection (i.e. detection of 

the photons must be within the short time window by two approximately opposite 

detectors). Based on this principle, the origin of the radioactive decay can be 

reconstructed and thus the distribution of the tracer in the body can be assessed. 
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Due to their short half-life, the positron-emitting isotopes are produced with a 

generator or a cyclotron shortly before their use. For example, 18F can be produced 

from a natural, stable isotope of oxygen, 18O, by bombardment with high energy 

protons. 18F is released in a water solution and used for further synthesis of 

radiotracer. 11C is obtained from 14N atoms bombarded with high energy protons 

and is released in form of carbon dioxide (11CO2) or 11C-methane ([11C]CH4), 

which have low chemical reactivity, and are converted to more reactive species for 

the tracer synthesis.  

For image acquisition, tracers are injected intravenously and their distribution 

through the body is detected by a PET camera.  

Figure 1 The principle of PET. 

 

The information from the coincidence detection is used to create a 3D image in 

which the distribution of radioactivity (therefore, the tracer) across the body is 

visualized. PET images can be used for (I) visual assessment of the tracer 

distribution, e.g. for tumor detection; (II) semi-quantitative tracer uptake 

measurement (standardized uptake value), e.g. for therapy evaluation; (III) 

quantification of a biochemical of physiological parameter with kinetic modelling 

(binding potential and volume of distribution), e.g. for assessment of receptor 

expression or enzyme activity. 

 

PET imaging of neuroinflammation 

[18F]FDG (2’-[18F]fluoro-2’-deoxyglucose) is a 18F-labelled glucose analogue used 

for PET imaging of glucose metabolism. It is the most commonly used tracer in 
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 1 clinical PET imaging, usually for detection of tumors or inflammation. However, 

glucose is also utilized as energy source by the brain, therefore FDG is not a specific 

probe for imaging of inflammation in the brain. For brain imaging, increased 

[18F]FDG uptake can indicate for example inflammation, or increased neuronal 

activity, while decreased [18F]FDG uptake can indicate brain damage (e.g. 

following ischemic stroke) or decreased neuronal activity (e.g. it can reflect 

decreased activity or cognitive decline). Therefore, [18F]FDG uptake in the brain 

could be affected by several factors, including inflammation, changes in behavior 

and brain damage. 

There are also more specific probes for detecting inflammation in the brain. For 

example, [11C]PK11195 and [11C]PBR28 are 11C-labelled probes, in which one of 

the carbon molecule was replaced by its radioactive 11C isotope (figure 2).  

 

Figure 2 The structure of [11C]PK11195 and [11C]PBR28. 

 

 

[11C]PK11195 and [11C]PBR28 are antagonists of translocator protein 18 kDa 

(TSPO) receptor. TSPO receptors are expressed on the outer membrane of 

mitochondria. Increased TSPO expression has been shown to be upregulated in 

activated immune cells, such as macrophages, microglia and astrocytes. It is 

therefore used as a marker of neuroinflammation. 

In this study, we used PET imaging of glucose metabolism and TSPO receptors to 

investigate the effects of dietary intervention on brain glucose metabolism and 

neuroinflammation. 
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Aim and outline of this thesis 

The objective of this thesis is to evaluate the potential therapeutic effect of multi-

nutritional dietary intervention on inflammation in animal models of brain diseases 

in which neuroinflammation is involved. In the first part of the thesis, we focus on 

specific food components and investigate their anti-inflammatory properties in 

vitro. The main objective is to identify possible combinations of nutrients which 

could have stronger anti-inflammatory effects than the individual components. In 

the second part of the thesis, we investigate the efficacy of dietary intervention in 

animal studies. 

 

Outline of the thesis 

Chapter 2 describes results of an in vitro study on the effects of well-known 

vitamins and fatty acids on the cytokine release by activated microglia cells. We 

also compare the efficacy of individual nutrients with different combinations of sub 

therapeutic concentrations of these components. In chapter 3 we review the anti-

inflammatory properties of rice bran components, as these substances are emerging 

as promising anti-inflammatory compounds that may warrant further investigation. 

In chapter 4, an in vitro study on the ability of diverse combinations of rice 

components to inhibit cytokine release by LPS-stimulated microglia is discussed. 

The results of these in vitro experiments form the basis for the composition of the 

anti-inflammatory dietary intervention that was tested in the second part of this 

thesis. 

In chapter 5, we present the results of in vivo experiments aiming to evaluate the 

feasibility of [11C]PBR28 PET for imaging of peripheral and central inflammation 

in chemically-induced colitis in rats. In this study, we investigate the suitability of 

the animal model and the imaging technique for dietary intervention studies. By 

demonstrating the presence of neuroinflammation during colitis we aim to support 

the hypothesis that central inflammation can be responsible for the comorbidities 

between inflammatory diseases and brain disorders. 

In the last two experimental studies in this thesis, we investigate the main goal of 

this thesis: the therapeutic effect of a dietary intervention aimed to modulate 

neuroinflammation. We used animal models of diseases for which 
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 1 neuroinflammation is considered a promising therapeutic target. In chapter 6, we 

discuss the effects of the dietary intervention in a rat model of postoperative 

cognitive decline. Postoperative cognitive decline is a brain disorder associated with 

major surgery that causes peripheral inflammation, which can subsequently induce 

neuroinflammation. In chapter 7, we discuss the effects of dietary intervention in 

rat model of stroke. The role of neuroinflammation in the disease progression after 

the onset of stroke is well documented in preclinical investigations and some human 

studies. It is believed that the neuroinflammatory response is beneficial at the early 

stage following stroke, but persistent, chronic inflammation at later stages following 

stroke has a negative impact on neuronal survival, especially in the area at risk 

surrounding the lesion. 
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Abstract 

Neuroinflammation is a common phenomenon in the pathology of many 

brain diseases. In this paper, we explore whether selected vitamins and fatty acids 

known to modulate inflammation exert an effect on microglia, the key cell type 

involved in neuroinflammation. Previously these nutrients have been shown to 

exert anti-inflammatory properties acting on specific inflammatory pathways. We 

hypothesized that combining nutrients acting on converging anti-inflammatory 

pathways may lead to enhanced anti-inflammatory properties as compared to the 

action of a single nutrient. In this study, we investigated the anti-inflammatory 

effect of combinations of nutrients based on the ability to inhibit the LPS-induced 

release of nitric oxide and interleukin-6 from BV-2 cells. Results show that omega-3 

fatty acids, vitamins A and D can individually reduce the LPS-induced secretion of 

the pro-inflammatory cytokines by BV-2 cells. Moreover, we show that vitamins A, 

D and omega-3 fatty acids (docosahexaenoic and eicosapentaenoic) at 

concentrations where they individually had little effect, significantly reduced the 

secretion of the inflammatory mediator, nitric oxide, when they were combined. 

The conclusion of this study is that combining different nutrients acting on 

convergent anti-inflammatory pathways may result in an increased anti-

inflammatory efficacy.  

 

1. Introduction 

Neuroinflammation is a natural response of the innate immune system of 

the brain to disturbances of homeostasis, such as pathogen invasion and tissue 

damage. When neuroinflammation becomes chronic and excessive, it can have 

detrimental effects on brain function. Neuroinflammation is a phenomenon that is 

observed during progression of several psychiatric and neurodegenerative 

disorders, such as depression, schizophrenia, Alzheimer’s disease and Parkinson’s 

disease [1–6]. 

Epidemiological studies point towards a beneficial effect of specific diets on 

the incidence of brain diseases in which neuroinflammation plays a role [7–9]. In 

recent years, there has been increasing interest in investigating nutrients that could 

be responsible for these protective effects [10–12].  
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Since neuroinflammation in a common phenomenon in various brain 

disorders, it is compelling to investigate nutrients in our diet which exert anti-

inflammatory properties. In vitro studies serve as a first step in the selection of 

substances to be considered for further investigation in vivo. In vitro studies allow 

preliminary screening of diverse nutrients to assess their potential anti-

inflammatory action when acting directly on particular cell types. However, the 

anti-inflammatory properties of a single nutrient at relevant concentrations are 

usually small and insufficient to achieve an adequate therapeutic effect. Combining 

different nutrients acting on convergent inflammatory pathways may therefore be 

helpful in avoiding the necessity of using high concentrations of one component. 

Elucidation of mechanisms of action of potentially anti-inflammatory nutrients can 

facilitate the design of effective combinations of those nutrients. 

Microglia cells are thought to be the most important cell type involved in 

neuroinflammation. The aim of this study was therefore to evaluate the 

incremental anti-inflammatory effects of combinations of selected nutrients on 

microglia cells.  In particular, we aimed to investigate whether a combination of 

nutrients which are known to act via diverse anti-inflammatory pathways could be 

more effective in inhibiting the pro-inflammatory effect of LPS on microglia cells 

than each individual component in the mixture. We evaluated the anti-

inflammatory effect of the nutrients in BV-2 cells, which is an immortalized cell line 

derived from C57bl/6 mice and is thought to closely resemble the physiology of 

primary microglia cells in vitro [13]. Lipopolysaccharide (LPS), an endotoxin 

derived from the cell wall of gram-negative bacteria, is the most widely used agent 

for activation of immune cells.  

This study consists of three parts. First, the anti-inflammatory effect of 

single nutrients was investigated. Second, the mechanisms of action of those 

individual nutrients that showed efficacy, but for which the mechanism was not 

reported in the literature yet, was studied. In the final part of the study, the additive 

effects of combined nutrients, which act on convergent anti-inflammatory 

pathways, was evaluated. 
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2. Material and methods 

2.1 Reagents 

The following substances were purchased from Sigma Aldrich and used without 

further purification: lipopolysaccharide (LPS, from Escherichia coli 055:B5, cat # 

L6529), vitamin B6 (cat # P5669-5G), B9 (folic acid, cat # F7878), vitamin B12 (cat # 

V6629), vitamin A (cat # 95144), all-trans retinoic acid (RA, cat # R2625), vitamin 

D3 in a form of 7-dehydrocholesterol/vitamin 25(OH)D3 (100µg/ml in ethanol, cat 

# 47763), cis-4,7,10,13,16,19-docosahexaenoic acid (DHA, cat # D2534), cis-

5,8,11,14,17- eicosapentaenoic acid (EPA, cat # E7006), valproic acid (VPA, cat # 

P4543), S-(5′ -adenosyl)-L-homocysteine (SAH, cat # A9384), anacardic acid 

(ANA, cat # A7236).  Inhibitors of retinoic acid receptors (RAR) were purchased 

from Tocris Bioscience: BMS 195614 (4-[[[5,6-dihydro-5,5-dimethyl-8-(3-

quinolinyl)-2-naphthalenyl]carbonyl]amino]benzoic acid, cat # 3660), LE 135 (4-

(7,8,9,10-tetrahydro-5,7,7,10,10pentamethyl-5H-benzo[e]naphtho[2,3-

b][1,4]diazepin-13-yl)benzoic acid, cat # 2021), MM 11253 (6-[2-(5,6,7,8-

tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)-1,3-dithiolan-2-yl]-2-

naphthalenecarboxylic acid, cat # 3822). The concentrations of nutrient stock 

solutions used in the experiments are listed in Table 1. 

2.2 BV-2 cell culture 

BV-2 cells were obtained from IRCCS (Azienda Ospedaliera Universitaria San 

Martino – IST Istituto Nazionale per la Ricerca sul Cancro, Genova, Italy). Cells 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) 

supplemented with 10% of heat-inactivated fetal bovine serum (Invitrogen), 10,000 

units/ml penicillin (Gibco), 10,000 µg/ml streptomycin (Gibco) and 200 mM L-

glutamine (Gibco) and maintained at 37°C and 5% CO2. Twenty-four hours before 

the experiment, cells were plated on 96 well plates (Corning) at a cell density of 

approximately 20,000 cells/well (i.e. approximately 50% confluency) and 

maintained in DMEM supplemented with 2% fetal bovine serum, 10,000 units/ml 

penicillin 10,000 µg/ml streptomycin and 200 mM L-glutamine for the duration of 

the experiment. 
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2.3 Cell viability 

Cell proliferation and viability were assessed with 2,3-bis(2-methoxy-4-nitro-5-

sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT, Sigma) at a 

concentration of 1 mg/ml. Phenazine methosulfate (PMS, Sigma) at a 

concentration of 200 mg/ml was added as an electron coupling reagent. The 

XTT/PMS solution in sterile water (100 µl) was added to each well. After 2h, the 

absorbance was measured at 450 nm (and 690 nm as a reference). The absorbance 

of untreated controls was considered as 100% viability, whereas viability for each 

condition (x) was calculated as follows: [absorbance(x)/absorbance(untreated 

controls)]*100. The viability test was repeated for each experiment as a within plate 

control. The results of experiments, in which the cell viability was below 85% of 

that of the untreated control cells, were excluded from the data analysis. 

2.4 Griess assay (nitric oxide release) 

Cells were treated with either a single nutrient or a combinations of nutrients for 24 

h. This treatment was followed by exchanging the medium for fresh medium with 

LPS (50 ng/ml) combined with the same nutrients. In addition, two control 

conditions were included in each experiment: i) cells that were neither treated with 

nutrients nor LPS (viability control) and ii) cells that were only treated with LPS, 

but not with nutrients (LPS control). After incubation for 24 h, media were 

collected for measurement of nitric oxide (NO) release. The stable product of NO 

released by the BV-2 cells is NO2
-. The concentration of NO2

- was measured with a 

Griess assay Kit (Promega) according to the manufacturer’s instructions. Data were 

corrected for cell viability (the viability of untreated control cells represented 100% 

of viability). Data are represented as percentage of the NO released by cells 

stimulated only with LPS (LPS control). To assess variability between the tests, data 

from LPS controls were pooled and the average NO release between experiments 

was calculated. For LPS controls, the NO release is presented as the percentage of 

the average release between experiments.  

2.5 ELISA (IL-6, IL-4 and IL-10) 

Cells were treated with either a single nutrient or a combinations of nutrients for 24 

h. Subsequently, the medium was removed and cells were incubated for 24 h in 

fresh medium with LPS (50 ng/ml) combined with the same nutrients. In addition, 

two control conditions were included in each experiment: i) cells that were neither 
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treated with nutrients nor LPS (viability control) and ii) cells that were only treated 

with LPS, but not with nutrients (LPS control). Media were collected for the 

measurement of IL-6, IL-4 and IL-10. Collected samples were stored at -80 °C 

until further analysis. The cytokine levels were assessed using ELISA MAX™ 

Deluxe from Biolegend according to the manufacturer’s protocol. Data were 

corrected for cell viability (the viability of untreated control cells represented 100% 

of viability). Data are presented as percentage of the IL-6 released by cells 

stimulated only with LPS. To assess variability between the tests, data from LPS 

controls were pooled and the average IL-6/IL-4/IL10 release between experiments 

was calculated. For LPS controls, the IL-6 release is represented as the percentage 

of the average release between experiments.  

2.6 Mechanistic studies 

In order to investigate the mechanism of action of vitamin A, BV-2 cells were 

treated with various inhibitors (VPA (500 μM), ANA (1 μM), SAH (100 μM), 

BMS 195614 (6 μM), LE 135 (1 μM), MM 11253 (2 μM)) 3 h prior to the 

addition of 1.75 µM vitamin A or 10 µM retinoic acid, RA. This treatment was 

followed by 24 h incubation with LPS (50 ng/ml) combined with vitamin A or RA 

and one of the inhibitors. Media were collected for measurement of NO and IL-6 

release. Data were corrected for cell viability (the viability of untreated control cells 

represented 100% of viability). Data are represented as percentage of the NO/IL-6 

released by cells stimulated only with LPS. To assess variability between the tests, 

data from LPS controls were pooled and the average NO/IL-6 release between 

experiments was calculated . For LPS controls, the NO/IL-6 release is presented as 

the percentage of the average release between experiments. 

2.7 Statistical analysis 

All experiments were performed at least in triplicate. Data are presented as dots 

representing the mean and bars representing the standard error of the mean 

(SEM). Due to the small sample size, non-parametric statistical tests were used. 

Data obtained from testing single nutrients were analyzed with the Kruskal-Wallis 

H test and if statistical significance was reached, a Mann Whitney U test with 

Bonferroni-Holm post-hoc test was performed to correct for multiple comparisons.  
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Data from the evaluation of RAR inhibitors (figure 2) were analyzed by paired 

comparisons between conditions with and without the inhibitor. Therefore, in this 

case the analysis was performed only with the Mann Whitney U test. 

An effect sizes (r) was included in the analysis of data in fig 2 and in supplementary 

fig 2 The effect size for each comparison was calculated according to the following 

equation r= Z/sqrt(N), where N is the total number of repetitions and Z is the z-

value obtained from the Mann Whitney U test.  

A difference was considered statistically significant when the probability (p) was 

<0.05. An effect size was considered as small when r ≤ 0.1, medium when 0.1 ≤ r 

≤ 0.3, large when 0.3 ≤ r ≤ 0.5 and very large when r >1.3. [14].  

 

3. Results 

3.1 Effect of individual nutrients on the production of pro-inflammatory cytokines 

by LPS-activated BV-2 cells. 

In the first part of the study, we tested the effects of single nutrients on the LPS-

induced activation of BV-2 cells. The nutrients were used in high, but non-toxic 

concentrations: i.e. concentrations at which cell viability does not decrease below 

90% (dose vs. viability curves not shown). The release of NO by activated BV-2 

cells was measured with the Griess assay. Cells exposed to the culture medium or to 

the medium supplemented with only nutrients did not release any detectable 

amounts of NO (data not shown). On the other hand, exposure of BV-2 cells to 

LPS (50 ng/ml) for 24 h induced a strong release of NO. Vitamins B6, B9 and B12, 

and the amino acids L-tryptophan and L-cysteine did not cause any significant 

effect on LPS-induced NO release in these experiments (data not shown). As shown 

on the figure 1A, the fatty acid EPA caused decreased the LPS-induced NO release 

to 80% of the NO released by LPS controls (IQR, 75-91%, p=0.115), but this 

effect was not statistically significant yet. In contrast, DHA and the combination of 

DHA and EPA did significantly decrease LPS-induced NO release to 68% (IQR, 

49-77%, p=0.036) and 61 % (IQR 43-66 %, data not shown) relative to LPS 

controls, respectively. Both vitamins A and D (fig 1 A) significantly decreased the 

NO release to 43% (IQR 36-55%; p=0.032) and to 39% (IQR 20-52.4%; p=0.024) 

of the NO release by LPS controls, respectively. 
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In a similar manner, the anti-inflammatory effect of the nutrients on LPS-induced 

IL-6 release by BV-2 cells was investigated with ELISA. LPS treatment caused a 

concentration-dependent increase in IL-6 release from BV-2 cells (data not shown). 

Vitamins B6, B9 and B12, and the amino acids L-tryptophan and L-cysteine did not 

cause any significant effects on LPS-induced IL-6 release in these experiments (data 

not shown). As depicted on fig 1B, the fatty acid EPA  decreased in the LPS-

induced IL-6 release by BV-2 cells to 80% the NO release by LPS controls (IQR, 

67-96%, p=0.7, n=4), although this decrease did not reach statistical significance. 

DHA and the combination of DHA and EPA, on the other hand, did significantly 

decrease LPS-induced NO release to 68 % (IQR 49-77 %, p=0.032, n=4) and 51 

% (IQR 38-54 %, data not shown), respectively. Also vitamins A and D 

significantly decreased IL-6 release to 42% (IQR 39-58%, p=0.024, n=4) and 43% 

(IQR 21-57%, p=0.024, n=4) of LPS controls, respectively (fig 1 B).  

Taken together, these data demonstrate that vitamins A and D – and to a lesser 

extent DHA and EPA – show an anti-inflammatory effect on LPS-stimulated BV-2 

cells. The B vitamins and the amino acids L-cysteine and L-tryptophan did not 

have an anti-inflammatory effect on LPS-activated BV-2 cells. 

3.2 Effect of individual nutrients on the production of anti-inflammatory cytokines 

by LPS-activated BV-2 cells 

To investigate whether the moderating effect of individual nutrients on the 

secretion of pro-inflammatory cytokines was accompanied by a shift of the BV-2 

cells to an anti-inflammatory phenotype, the release of the anti-inflammatory 

cytokines IL-4 and IL-10 was measured. However, none of the investigated 

nutrients, except EPA, was able to induce any significant increase in the secretion 

of these cytokines by LPS-stimulated BV-2 cells. The IL-4 release from cells treated 

with LPS alone or LPS combined with nutrients was below detection limit of the 

assay used (data not shown), while the IL-10 release was detected (supplementary 

figure 1). Only treatment with EPA increased significantly the release of IL-10 from 

LPS-activated BV-2 cells (130%, IQR 89-116%, p=0.012). The treatment with 

vitamin A caused a trend towards increased IL-10 release (127%, IQR 101-161%, 

p=014), however this effect did not reach statistical significance due to the large 

variations. 
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3.3 Effects of RAR inhibitors on the anti-inflammatory efficacy of vitamin A. 

Literature data indicate that the anti-inflammatory activity of omega-3 fatty acids 

and vitamin D is mediated by several nuclear receptors, including the proliferator-

activated receptor, retinoic X receptor, and vitamin D receptor [15–17]. However, 

no data are available about the mechanism of action of the anti-inflammatory effect 

of vitamin A. To investigate a potential epigenetic mechanism of action, we 

evaluated the effect of chemical inhibitors of histone acetylation, deacetylation or 

methylation on the anti-inflammatory action of vitamin A, but did not find any 

significant effect on NO or IL-6 release (supplementary data, fig 1). Therefore, we 

also tested whether pharmacological inhibition of retinoic acid receptors (RARα , β  

and γ ) can reverse the anti-inflammatory effect of vitamin A.  

As shown in fig. 2A and 2B, the RARα  inhibitor BMS 195614 could reverse the 

anti-inflammatory action of vitamin A, resulting in a change in NO release by LPS-

activated microglia from 46% (IQR, 42.2-59.8%) to 103% (IQR 91.5-117.6%) of 

the NO released by LPS-treated control cells (U<0.001, Z=-2.3, p=0.029, r=0.82, 

n=4). Similarly, BMS 195614 reversed the anti-inflammatory effect of RA (from 

49% (IQR 39.2-58.6%) to 117% (IQR 98.1-135.3%), U<0.001, Z=-2.3, p=0.029, 

r=0.82, n=4). BMS 195614 also reversed the anti-inflammatory effect of vitamin A 

(from 63% (IQR 44.0-77.2%) to 94% (IQR 84.9-100.3%), U=1.000, Z=-2.02, 

p=0.057, r=0.71) and RA (from 82% (IQR 58.8-96.1%) to 130% (IQR 102.9-

151.3%), U<0.001, Z=-1.96, p=0.1, r=0.8, n=4) on the release of IL-6 by LPS-

activated BV-2 cells. Although these effects on IL-6 release were not statistically 

significant, large effect sizes were observed.  

The RARβ  inhibitor LE 135 could not reverse the anti-inflammatory effect of 

vitamin A and RA on NO or IL-6 release, but LE 135 by itself did significantly 

reduce the effect of LPS on the IL-6 release (73.9 % (IQR, 67.9-78.8), U=3.000, 

Z=-2.4, p=0.014, r=1.2, n=4).  

The RARγ  inhibitor MM 11253 also did not affect the anti-inflammatory effect of 

vitamin A RA on NO or IL-6 release. However, MM 11253 had an anti-

inflammatory effect by itself, as it significantly blocked both the NO release (43% 

(IQR, 41.5-47.7%); U<0.001, Z=-2.9, p=0.001, r=1.45, n=4) and IL-6 release, 

(79.7 (IQR, 75.97-82.6%); U=3.000, Z=-2.0, p=0.049, r=1.0, n=4) induced by 

LPS alone. 
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Together these results suggest that the anti-inflammatory effect of vitamin A is 

mediated by a pathway downstream of RARα .   

3.4 Effect of combinations of nutrients on LPS-induced activation of BV-2 cells. 

The most effective nutrients investigated in this study were vitamins A and D and 

the fatty acids DHA and EPA. The combination of fatty acids with vitamins A and 

D decreased the NO release by BV2 cells to 10% (IQR, 0.6-20.4%) and the IL-6 

production to 21 % (IQR, 11-35%) as compared to the levels secreted by LPS-

stimulated controls (data not shown). However, after post-hoc correction the effect 

of the combined nutrients was not significantly different from the effect obtained 

with single nutrients. The high nutrient concentrations used in this experiment 

probably already caused a stronge anti-inflammatory effect for individual nutrients, 

which leaves a small window of opportunity for detecting a further decrease in 

cytokine release upon treatment with a combination of nutrients. 

3.5 Effect of combinations of nutrients on LPS-induced activation of BV-2 cells 

after decreasing the nutrient concentrations.  

We decreased the concentrations of vitamin A and D and the fatty acid DHA to a 

level in which they did not have a significant effect on the release of NO as 

compared to the LPS-stimulated controls (Table 1). The EPA concentration did not 

need to be changed.  As shown in fig. 3, lower concentrations of single nutrients 

hardly caused any effect on NO or IL-6 release. The combination of these 

substances in the same concentrations, on the other hand, caused a significantly 

larger reduction in NO release (to 37% of the secretion by LPS-stimulated control 

cells (IQR 28.0-45.7%), p=0.032, Bonferroni-Holm post-hoc correction) than any 

of the individual nutrients. The combination nutrients also resulted in a larger 

decrease in IL-6 release (to 84 % (IQR, 54.1-88.9) of the release by LPS-stimulated 

controls),but this effect was not statistically different (p>0.05) from the effects of 

single nutrients. 

 

4. Discussion 

In the first part of this study we tested the efficacy of single nutrients on the 

inhibition of LPS-induced release of pro-inflammatory markers (NO and IL-6) by 
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BV-2 cells. Some of the nutrients investigated, or their active metabolites, have 

already been shown to exert an anti-inflammatory effect in similar in vitro models 

of activated microglia [19–21]. However, here we have investigated not only the 

effect of individual components, but also combinations of them. 

First, we tested the ability of a high concentration of a particular nutrient to 

attenuate NO release by LPS-stimulated BV-2 cells. In activated immune cells, NO 

is produced from L-arginine by a reaction catalyzed by iNOS. The expression of 

iNOS is mainly activated by the transcription factor NF-κ B [22]. Excessive NO 

production has been shown to cause a neurotoxic effect [23]. NO mediates 

glutamate neurotoxicity in several brain pathologies, including neurodegenerative 

diseases [24]. The ability to suppress excessive NO release by activated immune 

cells is widely used as an indicator of anti-inflammatory efficacy. Our experiments 

showed that high concentrations of vitamins A and D and the fatty acid DHA are 

able to inhibit LPS-induced NO release by BV-2 microglia cells. Vitamins B6, B9 

and B12 and the amino acids L-tryptophan and L-cysteine did not cause any 

significant attenuation of NO production in these cells. 

Similar results were obtained when IL-6 released by BV-2 cells was measured. We 

have chosen this marker of proinflammatory response, because previous studies 

have demonstrated elevated serum levels of IL-6 in animals after exposure to 

noxious stimuli and in patients with diverse inflammatory diseases. Increased levels 

of IL-6 were correlated with disease severity. Therefore, some of the new treatment 

strategies for inflammatory diseases are directed at inhibiting the IL-6 signaling 

pathway [25,26]. In the present study we tested the ability of nutrients to inhibit 

LPS-induced IL-6 release in activated microglia. Our results show that vitamins A 

and D and the fatty acid DHA significantly inhibit the LPS-induced IL-6 release by 

these cells. Amino acids and B vitamins did not cause a significant alteration in the 

IL-6 release. We explored also the possible effects of nutrients on the release of anti-

inflammatory cytokines by LPS-induced BV-2 cells. In our experiments, we did not 

observe any effect of investigated nutrients on IL-4 release, due to the fact that this 

cytokine was not detected in any cells treated with LPS (alone or with combination 

with nutrients). We observed an increase of IL-10 by cells treated with EPA. 

Based on the effect of single nutrients on the release of pro-inflammatory markers 

we concluded that: 
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(I) Of the nutrients tested, vitamins A and D are the most efficient in suppressing 

inflammatory response in LPS-activated BV-2 cells. These results are consistent 

with previous studies showing that vitamins A and D can suppress proinflammatory 

response in activated immune cells [19,27].  

(II) The fatty acid DHA showed a significant anti-inflammatory effect as measured 

by NO and IL-6 release in LPS-stimulated BV-2 cells, a result that is consistent 

with previous studies using a similar model [28]. The fatty acid EPA did not cause 

a significant attenuation of proinflammatory marker release in this study. However, 

combining EPA with DHA enhanced efficacy of DHA. 

(III) B vitamins (B6, B9 and B12) and the amino acids L-cysteine and L-tryptophan 

did not show a significant effect on LPS-induced activation of BV-2 cells, despite 

these substances having previously been described as inducing anti-inflammatory 

effects in vivo [29–31]. Our results suggest that the anti-inflammatory effects of B 

vitamins and the amino acids L-cysteine and L-tryptophan are probably due to 

other mechanisms than direct interaction with activated microglia cells, because in 

vitro studies usually only investigate the effect of a nutrient on one cell type, while 

the brain is much more complicated and permits the action of substances on many 

different pathways and the interaction between cell types. 

In the second part of the study, we focused on the possible mechanism of action 

responsible for the anti-inflammatory effects of the nutrients tested. Many studies 

have shown that nuclear receptors play an important role in the regulation of the 

inflammatory response by nutrients [10,32,33]. The omega-3 fatty acids DHA and 

EPA have been shown to act on several nuclear receptors, such as peroxisome 

proliferator-activated receptors (PPARs), retinoic X receptors (RXR), nuclear 

receptor NF-κ B and nuclear factor (erythroid-derived 2)-like 2 (Nrf2). PPARs are 

involved in the regulation of inflammatory response [34]. For example, PPARγ  

blocks the LPS-induced replacement of co-repressors by co-activators of pro-

inflammatory gene expression [15]. Moreover, a recent study showed the 

involvement of PPAR β  and δ  in the anti-inflammatory action of retinoic acid in 

carrageenan-induced paw oedema in rats [35]. RXR is a nuclear receptor which 

forms dimers with RAR and PPAR. DHA acts as endogenous agonist of RXR 

[36]. DHA was shown to be a ligand for PPARα  in vascular smooth muscle cells 

[16]. NF-κ B is a transcription factor which is very important for the activation of 

proinflammatory genes in the early phase of an inflammatory response. EPA was 

shown to inhibit the release of proinflammatory mediators (such as NO, IL-6, 
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TNFα ) from LPS-stimulated BV-2 microglia via inhibition of NF-κ B activation 

[21]. Moreover, a recent study showed that both DHA and EPA inhibit NF-κ B in 

LPS-stimulated endothelial cells [37]. There is evidence that inhibition of NO by 

DHA and EPA is also mediated by heme oxygenase 1 (HO-1). Blocking of HO-1 

reversed the inhibitory effect of DHA on interferon γ -induced NO production in 

BV-2 cells [28]. Moreover, the HO-1 inducer, hemin, showed anti-inflammatory 

properties by inhibiting NO production in BV-2 cells [38]. HO-1 expression 

depends on the Nrf2 transcription factor. The Nfr2/HO-1-dependent pathway is 

stimulated by several anti-inflammatory compounds, such as quercetin or linalool 

[39,40]. 

The active metabolites of vitamins A and D are ligands for the retinoic acid 

receptors (RAR) and the vitamin D receptors (VDR), respectively. Vitamin D is 

metabolized in microglial BV-2 cells to its active form, 1,25-dihydroxy-vitamin D3, 

by enzyme 1α -hydroxylase. 1,25-dihydroxy-vitamin D3 inhibits the NO release 

from LPS-stimulated BV-2 cells via interaction with VDR [17]. VDR functions as 

a nuclear hormone receptor responsible for the repression or activation of 

numerous genes, including the genes encoding proinflammatory mediators. For 

example, vitamin D was shown to be involved in the inhibition of NF-κ B activity 

in murine macrophages (RAW264.7) [41].  

It is known that retinoic acid, the active metabolite of vitamin A, is a ligand for 

RAR. We investigated which RAR subtype mediates the anti-inflammatory action 

of vitamin A in BV-2 cells using selective inhibitors of RARα , RARβ  and RARγ . 

BMS 195614 has been described as a selective inhibitor of RARα  in HeLa cells 

[42], LE 135 was described as an antagonist of RARβ  in human scleral fibroblasts 

[43] and MM 11253 was proven to be an antagonist of RARγ  in human 

squamous cell carcinoma cells [44]. The treatment of BV-2 cells with BMS 195614 

significantly reversed the effect of vitamin A and RA on the NO release by LPS-

stimulated microglia cells. BMS 195614 also had a large effect size on the LPS-

induced IL-6 release by BV2 cells. Our results indicate that RARα  plays a pivotal 

role in the anti-inflammatory action of vitamin A on LPS-activated BV-2 cells. 

These results are consistent with previous studies showing the involvement of 

RARα  signaling in the suppression of proinflammatory cytokine release from 

activated human T cells [45].  

Our experiments also showed the possible involvement of RARγ  receptors in the 

LPS-induced proinflammatory cytokine production by BV-2 cells. The inhibitor of 
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RARγ  signaling, MM 11253, did not change the anti-inflammatory effect of 

vitamin A or RA, but it did reduce the NO and IL-6 release from BV-2 cells after 

LPS stimulation by approximately 50%. This finding is consistent with previous 

studies showing that RARγ  is involved in the activation of proinflammatory gene 

expression, and that blocking of these receptors in vitro caused attenuation of LPS-

induced TNFα  release by mouse macrophages. This effect, however, was not 

observed in vivo in RARγ  deficient mice, suggesting that RARγ  signaling 

deficiency in vivo can be compensated by other mechanisms [46]. Compensating 

mechanisms in vivo have also been observed for downregulation of the expression of 

RARα . Mice in which RARα  expression was partly downregulated with an 

antisense RARα  DNA construct showed a compensatory effect in RARβ  and 

RARγ  receptor expression. This effect, however, was not observed in knockout 

mice in which RARα  expression is completely abrogated [47]. As the in vivo effect 

of the blocking of RARα  signaling might be compensated by other mechanisms, it 

is important that the results of this study, which suggest an important role for 

RARα  signaling in attenuating the inflammatory response by microglia, are 

confirmed in vivo in an appropriate animal model. This can be done by dietary 

intervention changing the vitamin A supply (single component or in combination 

with other nutrients), by applying selective RARα  ligands, such as antagonist BMS 

195614 or agonist AM580 [45], or by using RARα  knockout mice.  

Reversible epigenetic changes, including DNA methylation, histone acetylation and 

deacetylation, have been shown to play an important role in the modulation of 

inflammatory response. However, our study did not show any evidence for the 

involvement of DNA methylation (inhibited by SAH), histone acetylation (inhibited 

by ANA) or histone deacetylation (inhibited with VPA) in the anti-inflammatory 

action of vitamin A, suggesting that vitamin A probably does not act via an 

epigenetic mechanism. 

Taken together, it can be concluded that the nutrients investigated in this study 

affect various signaling pathways, mainly via nuclear receptors which affect the 

expression of inflammatory mediators.  

In the third part of the study, we combined the nutrients with the most potent anti-

inflammatory activity (vitamins A and D and the fatty acids DHA and EPA) with 

the aim to increase the overall anti-inflammatory efficacy. When the combinations 

of nutrients were used in the same concentrations as when studying the individual 

components, a trend towards an increased anti-inflammatory effect of the 
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combination as compared to the single components was observed. Since high 

concentrations of vitamin A and D and DHA already had a strong anti-

inflammatory effect when used as a single nutrient, there was only a small window 

of opportunity to detect any additive effect of combining the nutrients. 

We used lower concentrations of vitamin A and D and DHA to increase the 

detection window for our assays. Concentrations causing no significant changes in 

release of NO (as compared to LPS-stimulated controls) were selected based on the 

dose-effect curves. At these low concentrations of nutrients, the mixture of vitamin 

A and D and fatty acids DHA and EPA caused a significantly larger decrease in 

NO release than any of the single components. This convergence between food 

components is a promising concept to be tested in future studies, because only low 

concentrations of nutrients have to be used. The components investigated in this 

study and their combination are candidates for the future studies on prophylactic or 

therapeutic effects of dietary intervention aimed at neuroinflammation.         

In conclusion, the most important finding of the present study is the increased anti-

inflammatory activity that can be achieved when vitamin A and D and the fatty 

acids DHA and EPA are combined. This suggests that these substances act on 

convergent pathways. As a result, a combination of these nutrients can increase the 

anti-inflammatory effect without increasing the concentration of the individual 

components. Such a combination of food components could be used to design a 

dietary intervention aimed at preventing brain diseases in which 

neuroinflammation is involved. Since neuroinflammation is usually already present 

before symptoms appear, preventive dietary intervention could be included as 

integral part of a healthy lifestyle. When symptoms are already present, dietary 

intervention may still be used, either by itself or as an addition to an already 

available treatment in order to augment its effect.  
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Figures and tables: 

Table 1 The list of nutrients, solvents and concentration of stock solutions, which 

were prepared fresh for each experiment. concentrations and combinations used 
for the experiment. 1 - concentration used for experiments on figure 1, 2 and 3, 2 - 

concentration used for experiments on figure 4. 

Nutrient Abbrevi

a-tion 

used on 
the 

graphs 

Solvent Stock 

concentrati

on 

Treatment 

concentrati

on 

Concentrati

on already 
present in 

the culture 

medium 

Vitamin B6 B6 water 10 mMa 10 µM 19 µM 

Folic acid B9 1M 

NH4OH 

15 mMa 15 µM 9 µM 

Vitamin B12 B12 water 0.2 mMa 0.2 µM - 

Docosahexaen

oic acid 
DHA ethanol:F

BS (1:4) 
20 mMb 20 µMc 

6.67 µMd 

- 

Eicosapentaen

oic acid 
EPA ethanol:F

BS (1:4) 
20 mMb 20 µMc,d - 

Vitamin A A ethanol 875 mMb 1.75 µMc 

0.583 µMd 

- 

Vitamin D D ethanol 10 mg/mlb 1 µg/mlc 

0.1 µg/mld 

- 

 

a Solution kept at 4ºC until incubation 
b Solution kept at -20ºC until incubation  
c Concentrations used for experiments in figure 1, 2 
d Reduced concentrations used for experiments in figure 3. 
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Figure 1 The effect of single nutrients on LPS-induced NO and IL-6 release. BV-2 

cells were pretreated for 24 h with different nutrients. This was followed by 24 h 

incubation with LPS (50 ng/ml) combined with the same nutrients. Media were 

collected for measurement of NO release with the Griess assay (A) and IL-6 release 

with ELISA (B). NO and IL-6 levels are presented as the percentage of the 

concentration produced by cells treated with LPS alone (LPS control). The level of 

NO/IL-6 release from control treated only with LPS (100%) is indicated on each 

graph with the dashed line. All graphs represent the results from 4 independent 

experiments (mean ±SEM). Data were statistically analyzed with Kruskal-Wallis H 

test, followed by a Bonferroni-Holm post-hoc test. A difference was considered 

statistically significant when p < 0.05 (p values from that test are mentioned on 

upper right part of each graph) and indicated as significantly different as compared 

to the LPS control group (*). 

 

 

 

Figure 2 The effect of BMS 195614, LE 135 and MM 11253 on the efficacy of 

vitamin A inhibition of LPS-induced NO and IL-6. BV-2 cells were pretreated for 

3 h with one of the following inhibitors: BMS 195614 (6 μM); LE 135 (1 μM); 

MM 11253 (2 μM). This was followed by 24 h incubation with one of the 

inhibitors and vitamin A (1.75 µM) or RA (10 µM) followed by 24 h incubation of 
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LPS (50 ng/ml) combined with vitamin A or RA and the same inhibitor. Media 

was collected for measurement of NO (Griess assay) and IL-6 release (ELISA). Data 

is presented as the percentage of inflammatory mediator concentration released by 

cells treated with LPS. The level of NO/IL-6 release from controls treated only 

with LPS (100%) is indicated on each graph with the dashed line. All graphs 

represent the results from at least three independent experiments (mean ±SEM). 

Data were statistically analyzed with Mann Whitney U test and effect sizes were 

calculated. A difference was considered statistically significant when p < 0.05 and 

indicated with an asterisk (*). 
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Figure 3 The effect of a combination of nutrients on LPS-induced NO and IL-6 

release after decreasing the nutrient concentrations. BV-2 cells were pretreated for 

24 h with single nutrients or their combination. This was followed by 24 h 

incubation with LPS (50 ng/ml) combined with the same nutrients. Media were 

collected for measurement of NO release with the Griess assay (A) and IL-6 release 

with ELISA (B). NO and IL-6 levels are presented as the percentage of the 

concentration produced by cells treated only with LPS (LPS control). The level of 

NO and IL-6 for LPS control (100%) is indicated on each graph with the dashed 

line. All graphs represent the results from five independent experiments (mean 

±SEM). Data were statistically analyzed with Kruskal-Wallis H test. A difference 

was considered statistically significant when p<0.05 (p values from that test are 

mentioned on upper right part of each graph). To test for differences between the 

single nutrients and the mixture containing vitamin A, D and fatty acids DHA and 

EPA, a post hoc test with Bonferroni-Holm correction was performed. A difference 

was considered statistically significant when p < 0.05 and is indicated with an 

asterisk (*). 
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Supplementary data 

Figure 1 The effect of single nutrients on LPS-induced IL-10 release. BV-2 cells 

were pretreated for 24 h with different nutrients. This was followed by 24 h 

incubation with LPS (50 ng/ml) combined with the same nutrients. Media were 

collected for measurement of IL-10 release with ELISA (B). IL-10 levels are 

presented as the percentage of the concentration produced by cells treated with 

LPS alone (LPS control). The level of IL-10 release from control treated only with 

LPS (100%) is indicated on each graph with the dashed line. All graphs represent 

the results from 4 independent experiments (mean ±SEM). Data were statistically 

analyzed with Kruskal-Wallis H test, followed by a Bonferroni-Holm post-hoc test. 

A difference was considered statistically significant when p < 0.05 (p values from 

that test are mentioned on upper right part of each graph) and indicated as 

significantly different as compared to the LPS control group (*). 

 

 

Figure 2 The effect of VPA, ANA and SAH on the efficacy of vitamin A inhibition 

of LPS-induced NO and IL-6. BV-2 cells were pretreated for 3 h with one of the 

following inhibitors: VPA (500 μM), ANA (1 μM), SAH (100 μM). This was 

followed by 24 h incubation with one of the inhibitors and vitamin A (1.75 µM) 

followed by 24 h incubation of LPS (50 ng/ml) combined with vitamin A and the 
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same inhibitor. Media were collected for measurement of NO release with the 

Griess assay (A, C, E) and IL-6 release with ELISA (B, D, F). Data is presented as 

the percentage of inflammatory mediator concentration released by cells treated 

with LPS. The level of NO/IL-6 release from control treated only with LPS (100%) 

is indicated on each graph with the dashed line. All graphs represent the results 

from at least three independent experiments (mean ±SEM). Data were statistically 

analyzed with Mann Whitney U test and effect sizes were calculated. A difference 

was considered statistically significant when p < 0.05 and indicated with an asterisk 

(*).  
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Abstract 

Neuroinflammation has been implicated in the pathology of various psychiatric and 

neurodegenerative disorders. Accumulating evidence suggests that food 

components can modulate inflammatory processes and therefore it is hypothesized 

that such nutrients exhibit therapeutic efficacy against these brain diseases.  

Rice bran is often discarded as a waste product, although it contains a wide range 

of potentially useful substances. Several rice bran components have been described 

to possess anti-inflammatory properties. This review summarizes the evidence 

supporting a modulatory effect of rice bran components on neuroinflammation. In 

vitro studies with these rice bran components on immune cells and in vivo studies 

on nutritional intervention in animal models of central and peripheral 

inflammation are discussed in the context of the potential use of rice bran 

components for prevention and treatment of brain diseases in which 

neuroinflammation is involved. 
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1. Introduction 

Neuroinflammation is a natural response of the central nervous system (CNS) to 

alterations in the environment and disturbances in homeostasis, for example due to 

invasion of pathogens or neuronal damage. Astrocytes and microglia are two 

important cell types in the CNS that are responsible for the maintenance of 

homeostasis. Astrocytes are necessary for the trophic support of neurons and 

microglia are the main immune cells in the brain and therefore are also called brain 

macrophages [1]. During neuroinflammation, activated astrocytes and microglia 

produce a wide range of inflammatory mediators, such as cytokines, chemokines, 

reactive oxygen and nitrogen species (ROS and NOS) [1,2]. These 

proinflammatory mediators help to destroy invading pathogens, to clear cell debris 

and to repair damaged cells. However, when neuroinflammation becomes 

persistent and excessive, it may also have a detrimental effect on brain functions 

[1]. Evidence suggests that pro-inflammatory mediators, especially when 

chronically produced, are involved in the development of brain diseases. Chronic 

neuroinflammation has been observed in many psychiatric and neurodegenerative 

diseases, including schizophrenia [3], depression [4], Parkinson’s disease and 

Alzheimer’s disease [5–7]. It is currently is even believed that peripheral 

inflammation can trigger brain diseases, such as Parkinson’s diseases, Alzheimer’s 

disease [7–9], depression [10–12] and cognitive decline  [13,14], via induction of 

neuroinflammation. 

Neuroinflammation appears to be an important factor in the etiology of brain 

diseases and in disease progression. Therefore, neuroinflammation may present a 

promising target for new treatment approaches against these diseases [15]. Since 

epidemiological studies demonstrated that our diet can have an impact on 

incidence of brain diseases in for which pathology neuroinflammation is involved 

[16,17], there is a lot of interest in the investigation of specific nutrients that may be 

responsible for this effect and therefore could be good candidates for future 

nutrition-based therapies.  
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2. Rice bran components  

Rice is the major component of the diet for a large part of the human population 

and provides more than 20% of the calories consumed by humans worldwide. Rice 

bran, the outer layer of a whole brown rice kernel, consists of aleurone and 

pericarp. It is often considered as a by-product of rice processing and is discarded 

as waste or used as animal food. However, rice bran contains high amounts of 

useful nutrients, including proteins, fats, dietary fibers, minerals, anti-oxidants and 

phytochemicals [18,19]. Recent studies have shown that rice bran components like 

phytosteryl pherulates and isoprenoids can exert anti-inflammatory effects, either 

acting directly on the immune cells [20] or affecting inflammation indirectly via 

modulation of gut microbiota [21]. These results may open the road towards the 

design of an (adjuvant) therapeutic intervention with specific rice bran components 

for brain disorders, for which effective treatment is currently not available. This 

review therefore surveys the anti-inflammatory properties of several rice bran 

components in the context of potential intervention for brain diseases associated 

with neuroinflammation.  

2.1 Phytosteryl pherulates and ferulic acid  

2.1.1 Phytosteryl pherulates 

Mode of action 

Gamma oryzanol (-OZ) is a secondary plant metabolite from bran layers of grains 

and is a mixture of at least 10 ferulic acid esters of phytosterols. -OZ is rich in anti-

oxidants and lipid lowering compounds [22–24]. Its ROS-scavenging properties 

have been extensively investigated in vitro on lipids [24], tissue homogenates [25] 

and LPS-stimulated macrophages [26]. The anti-inflammatory properties of -OZ 

have been demonstrated in LPS-stimulated vascular endothelial cells (model for 
atherosclerosis) where it inhibited the expression of adhesion molecules through 

inhibition of NF-B [27]. Interestingly, a recent in vivo study demonstrated that the 

permeation of the -OZ components through the gut is very low, suggesting that 

the effects of -OZ are probably indirect [28]. 
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Peripheral inflammation 

In vivo, the anti-inflammatory properties of -OZ have been demonstrated in DSS-

induced colitis. Oral administration of -OZ inhibited inflammation in mice with 

DSS-induced colitis and thus prevented disease progression [29]. The anti-

inflammatory and lipid-lowering properties of -OZ have also been demonstrated 

in metabolic syndrome models, such as high fat and high fructose diet-induced 

metabolic syndrome in rats [30], high fat diet in rats [22] and in Zucker rats [23]. 

Despite promising data from animal studies suggesting anti-inflammatory 

properties of -OZ in the gut, potential effects on neuroinflammation, brain 

function and behavior have not been shown yet.  

2.1.2 Ferulic acid  

Mode of action 

One of the most extensively studied component of -OZ is ferulic acid (FA), a 

phenolic derivative of cinnamic acid. FA is present in rice bran and several other 

plants, such as whole grain, citrus fruit, banana, beet root, cabbage, spinach and 

broccoli [31]. FA can also be isolated from arabinoxylans, fibers present in the 

plant cell wall, which are also emerging as promising anti-inflammatory 

compounds [32]. Studies on animal models of diseases in which inflammation is 

involved have demonstrated neuroprotective and anti-oxidative effects of FA. In 

the middle cerebral artery occlusion model of stroke in rats, administration of FA 

decreased the infarct volume. This neuroprotective effect of FA was mediated by 

activation of Akt signaling pathway, which plays a critical role in cell survival 

signaling and restoring the anti-oxidant proteins peroxiredoxin-2 and thioredoxin 

[33,34]. Further studies on the same model have demonstrated that FA 

administration leads to inhibition of the activation of microglia, macrophages, 

oxidative stress and apoptosis markers [35]. Likewise, FA showed neuroprotective 

properties in aged rats by inhibiting cytokine release and upregulating the 

MEK/ERK½ survival pathway in the hippocampus [36].   

Peripheral inflammation 

Several peripheral inflammation models were used to investigate the ability of FA 

to modulate disease progression. In a model of high-fat diet-induced oxidative stress 

in mice, FA alone or in combination with atorvastatin ameliorated oxidative stress 
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and thus protected the liver by reducing lipid peroxidation, normalizing the hepatic 

lipid profile and elevating hepatic antioxidant enzymes [37]. In a model of 

streptozotocine-induced diabetes in rats, FA also decreased oxidative stress, the 

release of pro-inflammatory cytokines and apoptosis of pancreatic beta cells and 

consequently the normalization of blood glucose levels [31]. 

 

Neuroinflammation and behavior 

Evidence also suggests a role of FA in the CNS, which could be due to the 

modulation of neuroinflammation. In a model of gamma radiation-induced 

neuroinflammation in mice, FA exhibited a neuroprotective and anti-

neuroinflammatory effect by increasing antioxidant enzymes (SOD, CAT) and by 

partly reducing the levels of pro-inflammatory markers, such as NF-B, COX-2, 

iNOS, TNFα  and IL-6 [38]. An anti-depressant effect of FA was shown in several 

preclinical investigations. Screening assays for new antidepressants with the tail 

suspension test and the forced swim test in mice showed that acute administration 

of FA has an anti-depressant effect through modulation of the serotoninergic 

system. Moreover, sub-effective doses of FA demonstrated synergistic anti-

depressant effects with serotonergic drugs used in the clinic for the treatment of 

depression (fluoxetine, paroxetine and sertraline) [39]. Other studies demonstrated 

the involvement of anti-oxidative modulation in the anti-depressant effects of FA in 

stress-induced depressive-like behavior. Amelioration of behavioral abnormalities 

was accompanied with a decrease in stress-induced anti-oxidative enzymes (SOD, 

CAT, GSH) [40]. Similar anti-depressant effects were shown in a reserpine-

induced pain and a depressive-like behavior model in mice, in which FA partly 

reversed behavioral abnormalities, increased the nociceptive threshold and 

decreased the inflammatory and apoptosis markers, NF-B and caspase 3 in the 

prefrontal cortex [41]. Behavior improvement and anti-inflammatory effects due to 

the FA administration was also demonstrated in animal models of 

neurodegenerative diseases. For example, in a transgenic model of Alzheimer’s 

disease, FA attenuated behavioral abnormalities and diseases-related pathology, 

including the proinflammatory markers [42]. In chemically-induced Parkinson’s 

disease models, FA attenuated behavioral abnormalities, suppressed 

neuroinflammation and had a neuroprotective effect [43][43,44].  
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Summarizing, these data from preclinical studies indicate that FA can have 

beneficial effects on neuroinflammation, inflammation-related behavior and disease 

progression. Therefore, this rice bran component might be considered as potential 

candidates for further clinical investigation. Unfortunately, clinical studies with FA 

are lacking so far.  

2.2 Isoprenoids 

Isoprenoids (terpenoids) are secondary metabolites of the mevalonate pathway, in 

which cholesterol and isoprenoid lipids are produced. Isoprenoids are involved in 

maintaining endotoxin tolerance. Some autoimmune diseases are caused by 

mutations of enzymes in the mevalonate pathway. Isoprenoids, such as 

geranylgeraniol (GGOH), farnesol (FOH) and geraniol (GOH), are produced 

endogenously, but are also  consumed via our diet, as they are present in several 

fruits, vegetables and grains, including rice [45].  

2.2.1 Geranylgeraniol 

Mode of action 

GGOH is believed to play an important role in regulation of inflammatory 

responses. Recent studies have shown that sufficient production of GGOH is 

necessary to prevent chronic inflammation due to repetitive exposure to a pro-

inflammatory stimulus (endotoxin tolerance). An in vitro study demonstrated that 

chemical blocking of the mevalonate pathway caused mitochondrial dysfunction 

and apoptosis in LPS-stimulated murine monocytes. The effect of inhibition of the 

mevalonate pathway was reversed by treatment with GGOH [46]. In macrophage-

derived RAW cells, chemical suppression of mevalonate pathway caused an 

excessive proinflammatory response, which could be reversed by the exogenous 

administration of GGOH. Similar beneficial effects of GGOH were demonstrated 

on human monocytes from patients with an impaired mevalonate pathway [47]. 

Also in peritoneal macrophages repeatedly stimulated in vitro with LPS, insufficient 

GGOH production, caused by inhibition of 3-hydroxy-3-methyl-glutaryl-CoA 

reductase, led to the excessive proinflammatory response [48].  

Peripheral inflammation 

The findings from in vitro models have been confirmed in animals. In a mouse 

model of mevalonate pathway dysfunction, administration of GGOH reduced the 
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levels of inflammatory markers, serum amyloid-A and peritoneal exudate cells [49]. 

In rats intraperitoneally injected with LPS, dietary supplementation with GGOH 

reduced the plasma levels of inflammatory cytokines, attenuated the activation of 

the pro-inflammatory transcription factor NF-B in the liver and prevented liver 

damage [50]. 

Studies on the effect of GGOH on neuroinflammation and brain function are 

currently lacking. 

2.2.2 Farnesol 

Peripheral inflammation 

FOH was described to possess anti-inflammatory and anti-oxidative properties and 

to exert beneficial effects on lung injury [51], metabolic disorders [52], colitis [53] 

and allergic reactions [54]. In chemically-induced colitis in rats, FOH decreased 

colonic mucosal damage by decreasing ROS, inflammation and apoptosis, 

stimulating anti-oxidative enzymes and reducing colitis-related mucosal edema 

[53]. However, the anti-inflammatory effects of FOH are not always beneficial for 

human health. FOH produced by Candida albicans is involved in quorum sensing. 

Thus, FOH can suppress the Th1 response in favor of an anti-inflammatory Th2 

response and thus promote fungal growth and exacerbation of infection [55]. 

Neuroinflammation 

Recent studies point towards beneficial effects of FOH on the CNS, as FOH was 

suggested to be a modulator of neuroinflammation and pain. In a mouse model of 

acrylamide-induced neurotoxicity, FOH supplementation caused behavioral 

improvement (measured with gait performance, neuromuscular function and fine 

motor coordination) and attenuation of inflammation as measured with astrocytes 

and microglia staining in cortex, hippocampus and striatum [56]. Neroli oil 

containing FOH was demonstrated to have central and peripheral nociceptive 

effects in both rats and mice [57]. 

Although the available data suggest promising properties of isoprenoids on 

inflammation and brain function, more studies in inflammation-related brain 

diseases models are needed to determine the potential usefulness of isoprenoids as 

modulator of neuroinflammation in clinical investigations.  
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3. Nutrients combinations: the most effective way? 

As follows from the above, several rice bran components are able to attenuate 

inflammatory processes, not only in the gastrointestinal tract, but possibly also in 

the brain. Dietary interventions with specific food components with potent anti-

inflammatory properties, such as rice bran components, may therefore be explored 

as new therapeutic strategies against brain diseases. Yet, it can be expected that 

each individual component is less effective than pharmaceutical drugs that are 

specially designed to inhibit inflammation. However, food components can interact 

with different pathways involved in the inflammatory process and therefore a 

combination of several nutrients acting on convergent pathways may increase the 

efficacy of dietary interventions. The first step to test possible synergistic or additive 

anti-inflammatory effects of specific food components are in vitro experiments on 

activated immune cells. So far, no studies have been published, in which the anti-

inflammatory properties of combinations of rice bran components have been 

investigated. However, several studies have investigated combinations of other 

nutrients on LPS-activated microglia or macrophages. For example, the 

combination eicosapentaenoic acid and resveratrol showed higher potency to 

inhibit LPS-induced NO release and proinflammatory genes expression than each 

individual nutrients [58]. Likewise, a combination of flavonoids synergistically 

inhibited the release of NO, TNF and PGE2 [59], whereas additive and 

synergistic effects of vitamin D combined with the plant extract -sitosterol on the 

release of NO, TNF-α , IFN-γ , IL-6, IL-10 and MCP-1 and on the activation of 

NF-B were observed in murine J774A.1 macrophage cells stimulated with LPS 

[60]. 

The concept of combined food components has also been investigated in vivo. For 

example, a combination of vegetable components, containing polyphenols and 

amino acids has been shown to improve spatial memory and modulate 

inflammation in aged rats [61]. A similar approach could be applied to the 

combinations of the rice bran components discussed in this review.  

In vitro studies on single components may help to reveal the specific pathways that 

rice bran components may affect. This information can be used to design studies 

with multiple nutrient combinations acting on different pathways in order to induce 

possible synergistic effects of these nutrients. Multi-nutrient dietary 

supplementation targeting inflammation is an interesting concept for safe 
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interventions in humans, given the low toxicity of common food supplements [62]. 

However, this compelling approach first needs to be tested in animal models of 

diseases associated with neuroinflammation.  

4. Concluding remarks  

Rice bran components are emerging as potential anti-inflammatory agents. Some 

of them have been demonstrated to act on peripheral and central inflammation 

(figure 1). Although some promising results have been obtained in vitro and in vivo 

(table 1 and 2), rice bran components still need to be further investigated in animal 

models and subsequently in clinical trials in order to evaluate their potency to 

prevent or cure brain diseases via modulation of neuroinflammation. To achieve 

adequate efficacy, rice bran components may need to be combined with other anti-

inflammatory nutrients. 

Better knowledge on nutritional intervention strategies can also contribute to the 

development of lifestyle recommendations concerning healthy nutritional behavior, 

which could be beneficial for general public. 
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Figures and tables 

Table 1 The effects of nutrients on inflammation in cell models, divided according 

to the cell type used.(on the next page) 
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Nutrient Cell type Main outcome 
Indigestible 

oligosaccharides 
Peripheral blood 

mononuclear cells 

[33] 

 TNFα   
 IL-10 
 Cell viability 

Gamma 
oryzanol 

Tissue homogenates 
[53] 
Macrophages [54] 
Vascular endothelial 
cells [55] 

 Brain protein and lipid 
peroxidation 
 NF-B  
 NF-B  
 adhesion molecule 
expression 

Ferulic acid Microglia [69] 
Hepatocytes [89] 

 NF-B 
 Glyoxal cytotoxicity 
 Methylglyoxal cytotoxicity 
 ROS 
Improved mitochondrial 

membrane potential 

Geranylgeraniol  Murine monocytes 

[72] 
Human monocytes 

[73] 
Murine peritoneal 
macrophages [74] 

 Programmed cell death 
 Proinflammatory cytokines 

(IL-1α , IL-1 , IL-6, IL-12, 

TNFα  , granulocyte-
macrophage colony-

stimulating factor) 
 NO 
 Proinflammatory cytokines 

(IL-1, TNFα ) 
 Malt-1 (NF-B-activating 

protein) 
Farnesol Murine splenocytes 

[80] 
Did not change IL-10/IL-2 

cytokine secretion ratios, 

potential to improve Th2-
skewed allergic disease (Th2 

inflammation may induce 

allergic disease) 
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Table 2 The effects of nutrients on inflammation and brain functions in animals 

and humans, divided according to the model used. Abbreviations: BDNF - brain 

derived neurotrophic factor, cPLA2 – calcium-dependent cytosolic phospholipase 

A2, CSF – cerebrospinal fluid, DMH - 1,2-dimethylhydrazine, FST - forced swim 

test, DSS – dextran sodium sulfate, MCAO - middle cerebral artery occlusion, 

MPTP - 1-methyl-4 phenyl-1, 2, 3, 6-tetrahydropyridine, PBMCs – peripheral 

blood mononuclear cells, TNBS - 2,4,6-trinitrobenzene sulfonic acid, TS - tail 

suspension test (on the next pages). 
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Figure 1 A schematic overview of the potential role of nutrients described in this 

review on the regulation of neuroinflammation. 
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Abstract 

Rice bran contains a wide range of substances, which can exert beneficial 

properties for health. Therefore, there is increasing interest in further investigation 

of these substances and in a potential use of them, for example as modulators of 

inflammation. In this study, we explored different combinations of rice bran 

components known to exert anti-inflammatory properties. Furthermore, we 

combined rice bran components with selected vitamins and fatty acids, known to 

modulate inflammation. The goal of the study was to test whether combining 

diverse nutrients leads to enhanced anti-inflammatory properties, as compared to 

single nutrients. The anti-inflammatory effect was evaluated based on the ability of 

the compounds to inhibit the lipopolysaccharide-induced release of NO and IL-6 

from BV-2 cells. Results show that the investigated nutrients were able to inhibit 

LPS-induced NO release, especially geranylgeranyl pyrophosphate and ferulic acid. 

Moreover, combining rice components with vitamin D, at concentrations where 

they individually had little effect, resulted in a trend towards enhanced anti-

inflammatory efficacy. Thus, combining different nutrients acting on the 

convergent anti-inflammatory pathways may lead to an increased anti-

inflammatory effect.  
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1. Introduction 

Rice is the major component of the diet for a large part of the human population 

and provides more than 20% of the calories consumed by humans worldwide. Rice 

bran, the outer layer of a whole brown rice kernel, is often considered as a by-

product of rice processing and is discarded as waste or used as animal food. 

However, rice bran contains high amounts of various nutrients, including proteins, 

fats, dietary fibres, minerals, anti-oxidants and anti-inflammatory phytochemicals 

[1]. Bioactive phytochemicals from rice bran have been reported to exert various 

beneficial properties [2]. Animals studies have shown that rice bran extracts can 

have a modulatory effect on inflammatory processes and thus can diminish the 

progression of symptoms in disease models for obesity [3], colitis [4], LPS-induced 

systemic inflammation [5], and D-galactose-induced ageing [6,7]. Recent findings 

indicate that rice bran extracts can also have beneficial effects on brain function. 

For example, supplementation of the diet with rice bran components had a positive 

impact on biochemical and neuropsychological parameters in patients with 

minimal hepatic encephalopathy [8,9]. 

Gamma oryzanol (-OZ) is the most intensively studied phytochemical from rice 

bran. -OZ is a lipid-soluble secondary plant metabolite with strong antioxidant 

and anti-inflammatory properties [3,10–12]. For example, recent studies in a rat 

model of high-fat and high-fructose diet-induced metabolic syndrome has 

demonstrated that -OZ supplementation effectively decreased serum 

proinflammatory markers [13]. Ferulic acid (FA) is the carboxylic acid part of the 

phytosterol ester -OZ. FA is present not only in rice bran, but also in other plants 

such as grain, citrus fruit and some vegetables [14]. Recent findings have shown a 

therapeutic effects of FA in the middle cerebral artery occlusion model in rats, in 

which it enhanced neuroprotection and decreased proinflammatory markers in the 

brain following ischemia [15–17]. Evidence also suggest a role of FA in modulation 

of brain function. FA was shown to have an anti-depressant effect in mice through 

modulation of the serotonergic system [18]. Geranylgeraniol (GGOH) and one of 

its metabolites, geranylgeranyl pyrophosphate (GGPP), are isoprenoids that are 

present in rice bran and other plants. GGOH and GGPP can play an important 

role in modulation of the inflammatory processes. For instance, in animals 

intraperitoneally injected with LPS, dietary supplementation with GGOH reduced 

plasma inflammatory markers [19]. 
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Microglia cells are considered key players of neuroinflammation as they produce 

and release a wide range of mediators of inflammatory processes, such as cytokines, 

chemokines and nitric oxide (NO). The release of proinflammatory mediators is 

used as a measure of the inflammatory response of microglia cells to the noxious 

stimuli both in vitro and in vivo. The ability to inhibit microglia activation is 

considered a characteristic of the anti-inflammatory properties of therapeutic 

substances. In this study, we investigated whether combinations of bioactive 

phytochemicals from rice bran can have a synergistic anti-inflammatory effect on 

activated microglia in vitro. Here, we used the BV-2 microglia cell line, an 

immortalized cell line derived from C57Bl/6 mice, thought to closely resemble the 

physiology of primary microglia cells and therefore a well-established model for 

investigation of anti-inflammatory activity of potential therapeutic drugs in vitro 

[20]. BV-2 cells were stimulated with lipopolysaccharide (LPS), an endotoxin 

derived from the cell wall of gram-negative bacteria, to provoke the release of pro-

inflammatory mediators. The anti-inflammatory potency of -OZ, FA, GGOH, 

GGPP and combinations thereof on LPS-stimulated BV-2 cells was evaluated by 

measuring the release of the inflammatory mediators nitric oxide (NO) and 

interleukin-6 (IL-6). In addition, rice bran components were combined with 

vitamins A and D and the fatty acids cis-4,7,10,13,16,19-docosahexaenoic acid 

(DHA) and cis-5,8,11,14,17- eicosapentaenoic acid (EPA). These fatty acids and 

vitamins were previously shown to exhibit anti-inflammatory properties ([21–24]). 

Here, we wanted to investigate whether additive or synergistic anti-inflammatory 

effects between these nutrients and rice bran components could be achieved. 

 

2. Material and Methods 

2.1 Reagents 

The following substances were purchased from Sigma Aldrich and used without 

further purification: lipopolysaccharide (LPS, from Escherichia coli 055:B5), -OZ, 

GGPP, trans-FA, GGOH, vitamin A, vitamin D3 in a form of 7-

dehydrocholesterol/vitamin 25(OH)D3 (100µg/ml in ethanol), DHA and EPA. The 

initial combinations and concentrations of -OZ, GGPP, FA and GGOH (as MIX 

A, B and C) are presented in Table 1. 
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2.2 BV-2 cell culture 

BV-2 cells were purchased from IRCCS (Azienda Ospedaliera Universitaria San 

Martino – IST Istituto Nazionale per la Ricerca sul Cancro, Genova, Italy). Cells 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) 

supplemented with 10% of heat-inactivated fetal bovine serum (Invitrogen), 10,000 

units/ml penicillin (Gibco), 10,000 µg/ml streptomycin (Gibco) and 200 mM L-

glutamine (Gibco) at 37°C in an atmosphere with 5% CO2. Twenty-four hours 

prior the experiment, cells were plated in 96 well plates (Corning) at a cell density 

of approximately 20,000 cells/well and maintained in the same culture medium, 

with a lower concentration (2%) of heat-inactivated fetal bovine serum. 

2.3 Cell viability 

Cell proliferation and viability were assessed with 2,3-bis(2-methoxy-4-nitro-5-

sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT, Sigma) at a 

concentration of 1 mg/ml. Phenazine methosulfate (PMS, Sigma) at a 

concentration of 200 mg/ml was added as an electron coupling reagent. The 

XTT/PMS solution in sterile water (100 µl) was added to each well. After 2h, the 

absorbance was measured at 450 nm (and 690 nm as a reference). The absorbance 

of cells for each condition was corrected for the absorbance of untreated control 

cells (considered as 100%). The viability test was repeated for each experiment as a 

within plate control. The results of experiments, in which the cell viability was 

below 85% of that of the untreated control cells, were excluded from the data 

analysis. 

2.4 Griess assay (nitric oxide release) 

Cells were treated for 24 h with different combinations of nutrients. This treatment 

was followed by replacing the medium with fresh medium with LPS (50 ng/ml) 

combined with the same nutrients. After incubation for another 24 h, media were 

collected for measurement of NO release. The concentration of nitrite (NO2
-), 

which is the stable product of NO released by the BV-2 cells, was measured with a 

Griess assay Kit (Promega) according to the manufacturer’s instructions. Data were 

corrected for cell viability (the viability of untreated control cells represented 100% 

of viability). Data are presented as percentage of the NO released by cells 

stimulated with only LPS. To assess variability between the tests, data from the 

treatment with LPS alone were pooled and an average release between experiments 
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was calculated for NO. For LPS alone treatment the NO release is represented as 

the percentage of the average release between experiments. 

2.5 ELISA (IL-6) 

Cells were treated for 24 h with different combinations of nutrients. Subsequently, 

the medium was removed and cells were incubated for another 24 h in fresh 

medium with LPS (50 ng/ml) combined with the same nutrients. Media were 

collected for measurement of IL-6 release. Collected samples were stored at -80 °C 

until further analysis. The cytokine levels were assessed using ELISA MAX™ 

Deluxe from Biolegend according to the manufacturer’s protocol. Data were 

corrected for cell viability (the viability of untreated control cells represented 100% 

of viability). Data are represented as percentage of the IL-6 released by cells 

stimulated with only LPS. To assess variability between the tests, data from the 

treatment with LPS alone were pooled and an average release between experiments 

was calculated for IL-6. For LPS alone treatment the IL-6 release is represented as 

the percentage of the average release between experiments. 

2.7 Statistical analysis 

Statistical analysis was performed using IBM SPSS software Statistics 22 (SPSS 

Inc., United States). All experiments were performed at least four times. Data are 

presented as horizontal lines representing means and bars representing standard 

error of the mean (SEM). Due to the small sample size, non-parametric statistical 

tests were used. Data were analyzed with the Kruskal-Wallis H test and if the 

statistical significance was reached, a Mann Whithey U test with a Bonferroni-

Holm post-hoc correction for multiple comparisons was performed. A difference 

between groups was considered statistically significant when the probability (p) 

value was <0.05.  

 

3. Results 

3.1 The effect of combinations of -OZ, GGPP, FA and GGOH on LPS-induced 

NO and IL-6 release from BV-2 cells. 

First, viability tests were performed in order to determine the highest nontoxic 

concentration for each individual compound: i.e. the concentration at which cell 
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viability is at least 90% as compared to untreated controls (data not shown). Next, 

substances were combined into three mixes (MIX A, B and C), in which the 

concentration of one component was near the highest non-toxic concentration and 

the other compounds were added in the same proportion as present in rice bran 

(Table 1). Then, a dose-effect curve of NO release due to LPS treatment was 

obtained, in order to select the half maximal effective concentration (EC50). 

Stimulation of BV-2 cells with LPS (50 ng/ml) for 24 h caused a robust release of 

NO, as measured with the Griess assay. Cells exposed only to the culture medium 

or to the medium supplemented with the nutrients only did not release any 

detectable amounts of NO (data not shown). In order to investigate the potency of 

nutrients to inhibit the LPS-induced NO release, 24 h pre-treatment with nutrients 

followed by co-treatment of the same nutrients with LPS for another 24 h was 

applied on BV-2 cells.  

The MIX A combination with all rice components investigated in this study (-OZ, 

GGPP, FA and GGOH) did not cause any significant decrease in the LPS-induced 

NO release, but instead caused an increase in NO release from LPS-stimulated 

BV-2 cells when administered at a 100-fold dilution (100-fold diluted MIX A: 

119%, IQR, 111.0-125.0, U=2.000, Z=-2.378, p=0.048) (fig 1A). -OZ is present 

in rice bran in much higher amounts than the other investigated nutrients. As a 

consequence, the concentrations of GGPP, FA and GGOH in MIX A were >2000-

fold lower than the highest nontoxic concentrations of these nutrients (Table 1).  

The next combination, MIX B, contained the highest nontoxic concentration of 

GGPP and two other components, FA and GGOH, in the same proportion as they 

occur in rice. MIX B caused a significant decrease of NO release to 62% as 

compared to LPS-stimulated controls (IQR, 62-65%, U<0.001, Z=-2.932, 

p=0.006). The anti-inflammatory properties of MIX B were so potent that even a 

100-fold dilution could significantly decrease the LPS-induced NO release to 

90.5% (IQR, 87-91%, U<0.001, Z=-2.722, p=0.008) (fig 1B). However, when 

comparing the potency to inhibit NO release by MIX B and one of its single 

components, GGPP (used in the same concentration as in MIX B), no significant 

difference was observed (MIX B vs. GGPP U=5.000, Z=-0.750, p=0.571). GGPP 

alone decreased NO release to 83.7% (IQR, 65.8-88.2%, GGPP vs. LPS: 

U=0.000, Z=-2.449, p=0.012) as compared to the LPS-treated controls (fig 1D).  
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The next combination, MIX C, contained the highest nontoxic concentration of FA 

and one other component, GGOH, in the same proportion as they occur in rice 

bran. This combination significantly decreased NO release to 35.5% (IQR, 28.0-

49.5%, U<0.001, Z=-2.722, p=0.012). Further dilutions of MIX C did not have 

any significant effect on NO release (fig 1C). However, similarly to the MIX B, the 

anti-inflammatory effect of MIX C was not significantly different from the anti-

inflammatory effect of one of its components, FA (fig 1D). FA alone decreased NO 

release to 36.2% (IQR, 26.9-41.8%, U<0.001, Z=-2.449, p=0.012) as compared to 

LPS-stimulated controls. This effect was not significantly different from the effect of 

MIX C (FA vs. MIX C: U=5.000, Z=-0.357, p=0.857). 

Next, the effect of the investigated nutrient combinations on LPS-induced IL-6 

production by BV-2 cells was investigated (fig 1 E-H). LPS treatment caused a 

robust increase in IL-6 release from BV-2 cells in a concentration-dependent 

manner (data not shown). The EC50 was selected based on the concentration-

dependent curve of IL-6 release. Cells exposed only to the culture medium or to the 

medium supplemented with the nutrients alone, did not release any detectable 

amounts of IL-6 (data not shown). MIX A did not cause any significant modulation 

of the IL-6 release. MIX B decreased IL-6 release to 77% (IQR, 71-95.5) which was 

not statistically significantly different from untreated controls (U=8.000, Z=-0.816, 

p=0.994). In contrast, MIX C had a significant modulatory effect on LPS-induced 

IL-6 release (33.5%, IQR, 12.0-52.0, U=0.000, Z=-2.722, p=0.012).  

The effects of MIX B and MIX C on IL-6 release did not differ from the effects 

observed for the corresponding most prominent single components in the mixtures 

(MIX B vs. GGPP: U=4.000, Z=-0.707, p=0.63; MIX C vs. FA: U=3.000, Z=-

1.070, p=0.40). 

3.2 Effects of decreasing concentrations of combinations of rice components on 

LPS-induced activation of BV-2 cells. 

The lack of synergistic effects in the aforementioned experiments could be due to 

the relatively high concentrations of some components (GGPP, FA). Consequently, 

the anti-inflammatory effect of these individual nutrients may already be so strong 

that only a small window of opportunity remains for detecting a further decrease in 

inflammatory markers after combined treatment. To overcome this obstacle, we 

decreased the concentrations of FA, GGPP and GGOH to a level in which they did 

not decrease the NO release to more than 75% as compared to the LPS-stimulated 
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controls. Three different dilutions of each nutrient (starting from the highest non-

toxic concentrations mentioned in Table 1) were tested. Based on the results 

depicted in Fig 2A-C, 3-fold dilutions of FA and GGPP and a 10-fold dilution of 

GGOH from the highest nontoxic concentration were selected for MIX D. As 

shown in figure 2D, rice components in these lower concentrations caused only a 

mild decrease in NO release (FA: 76%, IQR, 66.0-84.3%; GGOH: 86.5%, IQR, 

80.0-91.0%, GGPP: 86.23, IQR, 81.0-91.8%). Combining these nutrients in the 

same low concentrations caused a further decrease in NO release to 65.9% (IQR, 

61.0-71.4%), but this effect was not significantly different from the single nutrients, 

although mix D showed a trend towards increased efficacy as compared to GGOH 

or GGPP alone (GGOH vs. MIX D: U=0.000, Z=-2.309, p=0.058; GGPP vs. MIX 

D: U=0.000, Z=-2.323, p=0.058). Likewise, MIX D did not demonstrate any 

significantly better inhibition of IL-6 release than the single components (fig 2 E).  

3.3 Effects of combinations of vitamins, fatty acids and rice bran components on 

LPS-induced activation of BV-2 cells. 

To further investigate the effect of different combinations of nutrients on LPS-

induced activation of BV-2 cells, we combined MIX D of the rice bran components 

with vitamins A and D and the fatty acids DHA and EPA. Combinations of these 

vitamins and fatty acids displayed enhanced anti-inflammatory effects in another 

study from our group (data will be published elsewhere). Several dilutions of the 

maximum nontoxic concentrations of the vitamins and fatty acids were tested. 

Based on the results in Fig 3 (A, C, E and G), 3-times dilution of the maximal 

nontoxic concentration for vitamin A and fatty acid DHA, 10-times dilution for 

vitamin D and no dilution for fatty acid EPA were selected for further experiments. 

As shown in figure 3 (B, D, F and H), combining vitamin A or DHA with MIX D 

did not cause any significant improvement in the inhibition of NO release. On the 

other hand, combining vitamin D with MIX D caused a trend towards enhanced 

inhibition of NO release (MIX D vs. MIX D + vitamin D: U=0.000, Z=-2.309, 

p=0.058; vitamin D vs. MIX D + vitamin D: U=0.000, Z=-2.323, p=0.058). 

Surprisingly, combining EPA with MIX D diminished the anti-inflammatory effect 

of MIX D. Although there was no statistical difference between EPA alone and the 

combination MIX D + EPA (U=6.500, Z=-1.180, p=0.257), a significant reduction 

of the efficacy of the combination of MIX D with EPA (to 84%, IQR, 73.0-93.0%) 

as compared to MIX D alone (U=1.000, Z=-2.374, p=0.038) was observed.  
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In summary, only the combination of vitamin D with MIX D, which contains FA, 

GGPP and GGOH, showed a trend towards enhanced anti-inflammatory effect on 

NO release by LPS-stimulated BV-2 cells. 

 

4. Discussion 

The goal of the current study was to investigate the anti-inflammatory potency of 

different combinations of nutrients present in rice bran. We investigated 

combinations containing OZ, FA, GGOH and GGPP. These substances, used 

separately, have already been shown to exert an anti-inflammatory effect on similar 

in-vitro models of neuroinflammation. In LPS-stimulated macrophages, -OZ 

inhibited the proinflammatory transcription factor NF-B, and consequently the 

production of proinflammatory enzymes such as COX-2 and iNOS, resulting in a 

reduction in the release of NO [12]. The phytosteryl ferulates from OZ have been 

demonstrated to inhibit NF-B activation in LPS-stimulated macrophages as well 

[25]. FA has been shown to inhibit NO, prostaglandin E2 and cytokine IL-1 

release through inhibition of the proinflammatory enzymes iNOS and COX-2 in 

LPS-stimulated BV-2 cells [26]. Further research revealed that this anti-

inflammatory effect is mediated by inhibition of NF-B and stimulation of Nrf2-

mediated HO-1 [27]. The role of GGOH in the inflammatory response has been 

investigated on freshly isolated intraperitoneal macrophages. Insufficient 

endogenous production of GGOH resulted in an excessive inflammatory response 

to repetitive LPS stimulation, which manifested as a robust increase in LPS-

stimulated release of the proinflammatory cytokines IL-1 and TNF. The 

cytokine overproduction was reversed by exogenous administration of GGOH 

[28]. GGPP, to our knowledge, was not investigated before on LPS activated 

microglia or macrophages. However, GGPP was shown to inhibit statin-induced 

microglia activation [29]. Our experiments have shown that GGPP is also an 

effective inhibitor of LPS-induced NO release by BV-2 cells. 

In the first part of the study, we investigated three combinations, MIX A, MIX B 

and MIX C, containing OZ, FA, GGOH and GGPP in the same proportions as 

they occur in rice. We tested the efficacy of the mixes to attenuate NO release from 

LPS-stimulated BV-2 cells. NO is produced in activated immune cells from L-

arginine. This reaction is catalysed by an enzyme, inducible NO synthase (iNOS). 
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The expression of iNOS depends mainly on transcription factor NF-B [30]. The 

ability to suppress NO release by activated immune cells is widely used as an 

indicator of anti-inflammatory potency. Evidence suggests detrimental effects can 

occur as a result of overproduction of NO, such as neurotoxicity [31]. Excessive 

NO production has been shown to occur in several brain pathologies, including 

neurodegenerative diseases [32]. Our experiments showed that MIX B and MIX C 

contain potent inhibitors of NO release in BV-2 cells. The anti-inflammatory effect 

of MIX B however was mainly due to the high concentration of GGPP, as MIX B 

has the same anti-inflammatory potency as the single component GGPP, when 

used in the same concentration. Similarly, the anti-inflammatory effect of MIX C 

was due to the effect of its main component, FA. 

We also investigated the efficacy of MIX A, MIX B and MIX C to attenuate the 

release of cytokine, IL-6 from LPS-stimulated BV-2 cells. IL-6 is often used as a 

marker of LPS-induced microglia activation. Previous studies have demonstrated 

elevated serum levels of IL-6 following different noxious stimuli in animals and in 

humans. Moreover, increased levels of IL-6 have been correlated with disease 

severity and new treatment strategies for inflammatory diseases focusing on 

blocking IL-6 signalling are being developed [33,34]. MIX A and MIX B were not 

sufficiently effective to modulate LPS-induced IL-6 release from BV-2 cells. On the 

other hand, MIX C could significantly inhibit IL-6 release, but the anti-

inflammatory effect of MIX C was attributed to the effect of its main component, 

FA. 

In the second part of the study, we investigated MIX D containing the three most 

effective components, FA, GGOH and GGPP in sub-effective concentrations. 

Since FA and GGOH had a strong anti-inflammatory effect when used at the high 

concentrations in MIX B and MIX C, the window of opportunity to detect the 

additive effect of combining them with other nutrients was very small. Our previous 

studies demonstrated that using a lower concentration of nutrients can allow 

detection of synergistic and additive anti-inflammatory properties due to the 

increased detection window [24]. However, in the present study, mixing FA, 

GGOH and GGPP at sub-effective concentrations (MIX D) did not result in a 

synergistic reduction in NO release compared to the effect caused by single 

components.  
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Taken together, our results demonstrated dose-dependent anti-inflammatory 

properties of phytochemicals present in rice bran, but mixing the ingredients in the 

same proportions as they occur in rice did not enhance their anti-inflammatory 

efficacy in vitro. This could be due to a similar mode of action of the investigated 

nutrients. OZ and FA were both described to inhibit the transcription factor NF-

B. The mechanism of action of GGOH and GGPP has not yet been elucidated, 

although it is known that both substances are involved in the mevalonate synthesis. 

Furthermore, we investigated whether combining MIX D with other nutrients could 

enhance their anti-inflammatory effect. We selected vitamins A and D, and fatty 

acids DHA and EPA in concentrations that showed enhanced anti-inflammatory 

effects on LPS-stimulated BV-2 cells, when mixed [24]. Our current experiments 

demonstrated a trend towards enhanced anti-inflammatory efficacy, when 

combining vitamin D with the MIX D. This could be due to the synergy between 

independent pathways, since vitamin D interacts not only with NF-B, but also 

with vitamin D receptors (VDR) [35]. Recent findings demonstrated a mechanism 

of inhibition of LPS-induced NO release from BV-2 cells by vitamin D, which is 

mediated by VDR [36].  

In conclusion, this study shows a possible convergence between food components 

interacting with diverse pathways, which is a promising concept to be tested in 

future studies. 

 

Figures and tables 

Table 1 Concentrations of nutrients used in mixtures investigated in the first part 

of the study. The maximum nontoxic concentration was assessed with a viability 

test. The substances were mixed in the same proportions as they occur in rice bran, 

in such a way that the maximum tolerable concentration will not be exceeded. (on 

the next page) 
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Nutrient Abbreviation 
µg/g 

rice 

Max. conc. 

based on the 

viability test 

Mix A 

µg/ml 

Mix B 

µg/ml 

Mix C 

µg/ml 

Gamma-

oryzanol 
γ OZ 1740 2.5 2.5   

Geranylgeranyl 

pyrophosphate 

ammonium salt 

GGPP 2.88 9.0 0.00414 8.63  

Trans-ferulic 

acid 
FA 20 192 0.02874 59.93 192 

geranylgeraniol GGOH 0.09 1.74 0.00013 0.27 0.864 

 

Figure 1 The effects of different combinations of nutrients on LPS-induced NO 

and IL-6 release. Concentrations and combinations of nutrients listed in table 1 

(MIX A, B, C) and their 10-fold and 100-fold dilutions, indicated as 0.1x and 0.01x, 

respectively, were used. D, E the concentration of GGPP was the same as in MIX B 

and the concentration of FA was the same as in MIX C. BV-2 cells were pre-treated 

for 24 h with different combinations of nutrients. This was followed by 24 h 

incubation with LPS (50 ng/ml) combined with the same nutrients. Media were 

collected for measurement of NO release with the Griess assay (A-D) and IL-6 

release (E-H) with ELISA. NO and IL-6 levels are presented as the percentage of 

the concentration produced by cells treated with LPS alone (LPS control). The level 

of NO and IL-6 for LPS control (100%) is indicated on each graph with the dashed 

line. All graphs represent the results from four independent experiments (median 

±SEM). Data were statistically analysed with Kruskal-Wallis H test and a 

difference was considered statistically significant when p < 0.05 (outcome values 

from that test are mentioned on upper right part of each graph). To test for the 

individual differences between the groups, a Bonferroni-Holm post-hoc test was 
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applied. A difference was considered statistically significant when p < 0.05 and 

indicated as significantly different as compared to the LPS control with (*).  
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Figure 2 The effects of different concentrations of nutrients and their mixture in 

sub-effective concentrations on LPS-induced NO. First, nutrients were used in 

highest nontoxic concentrations: FA - 192 µg /ml, GGOH – 1.74 µg /ml, GGPP – 

9.0 µg /ml. In addition, the nutrients were tested when diluted 3 times (indicated as 

0.33x) and 10 times (indicated as 0.1x) (A-C). Furthermore, the sub-effective 

concentrations of each nutrient were combined in MIXD (D-E). BV-2 cells were 

pre-treated for 24 h with different nutrients. This was followed by 24 h incubation 

with LPS (50 ng/ml) combined with the same nutrients. Media were collected for 

measurement of NO release with the Griess assay or IL6 release by ELISA. NO 

and IL6 levels are presented as the percentage of the concentration produced by 

cells treated with LPS alone (LPS control). The level of NO or IL6 for LPS control 

(100%) is indicated on each graph with the dashed line. All graphs represent the 

results from 4 independent experiments (median ±SEM). To test for the individual 

differences between each nutrient and LPS, a Mann Whitney U test was applied for 

each comparison. A difference was considered statistically significant when p < 

0.05 and indicated as significantly different as compared to the LPS control with 

(*). (on the next page) 
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Figure 3 The effects of different combinations of nutrients on LPS-induced NO 

release after decreasing the nutrient concentrations and adding vitamins or fatty 

acids. Nutrients were used in highest non-toxic concentrations: vitamin A - 1.75 

µM, vitamin D - 1 µg/ml, DHA, EPA - 20 µM (indicated as 1x); further the 

nutrients were diluted 3 times (indicated as 0.33x) and 10 times (indicated as 0.1x). 

MIX D indicates the combination of FA, GGOH and GGPP in the concentrations 

chosen based on the data from fig 2. BV-2 cells were pretreated for 24 h with 

different combinations of nutrients. This was followed by 24 h incubation with LPS 

(50 ng/ml) combined with the same nutrients. Media were collected for 

measurement of NO release with the Griess assay. NO levels are presented as the 

percentage of the concentration produced by cells treated with LPS alone (LPS 

control). The level of NO for LPS control (100%) is indicated on each graph with 

the dashed line. All graphs represent the results from four independent experiments 

(median ±SEM). Data were statistically analysed with Kruskal-Wallis H test. A 

difference was considered statistically significant when p < 0.05 (outcome values 

from that test are mentioned on upper right part of each graph). To test for the 

difference between the treatment conditions, a Bonferroni-Holm post-hoc test was 

applied. A difference was considered statistically significant when p<0.05 and 

indicated as significantly different as compared to the LPS control with (*). (on the 

next page) 
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Abstract 

Purpose Ulcerative Colitis (UC) is a chronic inflammatory disease of the colon that 

affects an increasing number of patients. High comorbidity is observed between 

UC and other diseases in which inflammation may be involved, including brain 

diseases such as cognitive impairment, mental disorders, anxiety and depression. 

To investigate the increased occurrence of these brain diseases in patients with UC, 

non-invasive methods for monitoring peripheral and central inflammation could be 

applied. Therefore, the goal of this study is to assess the feasibility of monitoring gut 

and brain inflammation in a rat model of chemically induced colitis by PET with 

[11C]PBR28, a tracer targeting the Translocator Protein (TSPO), which is 

upregulated when microglia and macrophages are activated. 

Procedures Colitis was induced in rats by intra-rectal injection of 2,4,6-

trinitrobenzenesulfonic acid (TNBS). Rats with colitis and healthy control animals 

were subjected to [11C]PBR28 PET of the abdomen followed by ex-vivo 

biodistribution in order to assess whether inflammation in the gut could be 

detected. Another group of rats with colitis underwent repetitive [11C]PBR28 PET 

imaging of the brain to investigate the development of neuroinflammation.  

Results Eleven days after TNBS injection, ex-vivo biodistribution studies 

demonstrated increased [11C]PBR28 uptake in the inflamed cecum and colon of 

rats with colitis as compared to healthy controls, whereas PET imaging did not 

show any difference between groups at any time. Similarly, repetitive PET imaging 

of the brain did not reveal any neuroinflammation induced by the TNBS 

administration in the colon. In contrast, significantly increased [11C]PBR28 uptake 

in cerebellum could be detected in ex-vivo biodistribution studies on day 11.  

Conclusion Inflammation in both the gut and the brain of rats with chemically 

induced colitis was observed by ex-vivo biodistribution. However, these effects 

could not be detected by [11C]PBR28 PET imaging in our colitis model, likely due 

to spill-over effects and insufficient resolution of the PET camera. 
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1. Introduction 

Ulcerative colitis (UC) and Crohn’s disease are the major types of inflammatory 

bowel disease (IBD). UC is a chronic disease that is thought to be caused by a 

pathological inflammatory response to intestinal microbes in genetically susceptible 

patients [1]. UC is characterized by strong inflammation in the colon and rectum 

that leads to diarrhea, cramping and pain [2]. The pathogenesis of IBD is still 

poorly understood and consequently an effective treatment is not available yet 

[3,4]. High comorbidity between IBD and brain diseases, including cognitive 

impairment [5], mental disorders [6] anxiety and depression [7–9] is observed. 

Increasing evidence suggests that inflammation plays a role in the development of 

these brain diseases [10–13] and as a result it is hypothesized that the comorbidity 

between IBD and e.g. depression is mediated by inflammation via gut-brain 

interactions [14]. 

Evidence suggests that colitis can induce neuroinflammation and affect brain 

functions. For example, in animals, induction of colitis caused an increase in 

proinflammatory cytokines, reduced neurogenesis in hippocampus [15] and 

behavioral abnormalities such as cognition impairment, and depression- and 

anxiety-like behavior which persisted after the colonic inflammation had resolved 

[16,17]. In humans, the gut-brain interaction during colitis has been suggested to 

be responsible for inflammation-mediated changes in grey matter in patients with 

IBD [18]. Several lines of evidence suggest that inflammation could be a promising 

target for the treatment of colitis-related brain disorders such as depression [19] or 

cognitive decline [20]. In fact, immunosuppressive treatment was shown to 

ameliorate depressive symptoms in patients with IBD [21]. 

In the clinic, the best way to diagnose colitis is by colonoscopy. This method, 

however, is not suitable for investigating the comorbidity of IBD. Non-invasive 

methods can allow investigation of inflammation in peripheral tissues and, more 

importantly, in the brain. Thus, adequate imaging methods could help to increase 

our understanding of the psychiatric comorbidities associated with colitis. 

Positron Emission Tomography (PET) is a powerful tool for non-invasive detection 

of inflammation both in animals and in patients. So far, intestinal inflammation in 

humans and mice was mainly assessed with PET imaging of glucose metabolism 

with [18F]FDG [22–24] [25]. This method however, has some limitations, as 
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physiological [18F]FDG uptake can be found in some patients [26]. Moreover, 

[18F]FDG uptake is not specific for inflammation and it can be affected by various 

factors, including stress and physical activity. Therefore more specific approaches 

with tracers targeting specific inflammatory markers might be a good alternative for 

[18F]FDG PET.  

Colitis is characterized by massive infiltration of activated macrophages and other 

immune cells in the affected colon. In the mitochondrial membrane of activated 

macrophages, the expression of 18-kDa Translocator Protein (TSPO) receptors is 

strongly increased [27,28]. In fact, high levels of TSPO receptors were observed in 

the colon of patients with IBD and in animal models of colitis [29][40]. Therefore 

the TSPO receptor could be a suitable biomarker to monitor colitis-related 

intestinal inflammation. TSPO receptors have already been used as an imaging 

biomarker for neuroinflammation. [11C]PBR28 ([O-methyl-11C] N-acetyl-N-(2-

methoxybenzyl)-2-phenoxy-5-pyridinamine) was developed as a tracer for PET 

imaging of TSPO expression in the brain. Based on biomathematical modeling 

approaches, [11C]PBR28 PET demonstrated relatively low test-retest variability in 

repeated measurements in the same subject, high specific binding to TSPO 

receptors, and a good signal-to-noise ratio as compared to the other TSPO tracers 

[30]. We therefore selected [11C]PBR28 PET to investigate whether gut and brain 

inflammation associated with colitis could be detected in an animal model of 

chemically induced colitis. 

Several chemically induced animal models are used to mimic UC in humans. 

Colitis induced with 2,4,6-Trinitrobenzenesulfonic acid (TNBS) is a widely used 

model to monitor temporal changes in inflammatory markers and other symptoms 

characteristic for UC. Intracolonic TNBS administration causes chemically 

induced damage of the intestinal mucosa, leading to the development of the 

characteristic symptoms observed in UC patients, such as diarrhea and presence of 

blood in the feces [31]. TNBS-induced colitis in rats has also been used to study 

effects of gut inflammation on the brain. TNBS administration in rats was shown to 

induce activation of microglia and cytokine release in the brain [32,33] and 

increased expression of intestinal TSPO receptors [40]. Therefore, we selected the 

TNBS-induced colitis model for this study. The purpose of the study was to 

investigate whether in-vivo detection of the activation of macrophages/microglia in 

the experimental model of colitis with PBR28 PET is feasible. 
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2. Material and methods 

2.1 Experimental animals 

Animal experiments were performed in accordance with Dutch Regulations for 

Animal Welfare. All procedures were approved by the Institutional Animal Care 

and Use Committee of the University of Groningen (protocol DEC6576D). 

Male outbred Sprague Dawley rats (7 weeks of age, n=24) were purchased from 

Harlan (Horst, The Netherlands). Animals were housed in thermo-regulated (21±2 

ºC) and humidity-controlled rooms under a 12-12 h light-dark cycle (lights on at 

6:00 am) with ad libitum access to food (standard laboratory chow, AIN93-G) and 

water. After arrival, the rats were housed in groups and allowed to acclimatize for 

at least seven days. Animals were single housed during the experiment to allow 

individual measurement of food intake and assessment of colitis symptoms. 

2.2 Study design 

Study was divided into two parts. First, the abdominal imaging followed by ex-vivo 

biodistribution was performed. In the second part, longitudinal brain imaging was 

performed. The time points for PET and ex-vivo biodistribution were selected on 

day 4 and day 11 after TNBS administration based on literature data [32]. Day 4 

represents the peak of inflammation in the gut, whereas inflammation was expected 

to be resolved by day 11. 

In the first part of the study, rats were randomly divided into 3 groups (n=6 per 

group): (1) controls, (2) TNBS-injected rats sacrificed on day 4 post injection and (3) 

TNBS-injected rats sacrificed on day 11 post injection (Figure 1A). Rats received 

an intra-rectal injection of TNBS under isoflurane anesthesia on day 0 and disease 

progression was monitored daily. Rats were injected with [11C]PBR28, subjected to 

a 60-min PET scan of the abdomen and sacrificed approximately 65 min after the 

tracer injection. This was followed by isolation of organs and tissues (identified in 

figures 3F, 4 and 5A) for ex vivo biodistribution.  

In the second part of the study, 6 healthy rats were subjected to a baseline 

[11C]PBR28 PET scan of the brain (Figure 1B). Two weeks after the baseline PET 

scan, on experimental day 0, these animals (n=6) were intra-rectally injected with 

TNBS under isoflurane anesthesia (see below). Further, rats were subjected to a 
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[11C]PBR28 PET scan of brain on day 4 and 11. Disease progression was 

monitored during the whole period after TNBS injection. 

2.3 TNBS injection 

The rat model of TNBS-induced colitis was employed according to a previously 

described method [32,34]. Briefly, on experimental day 0, rats were anesthetized 

with isoflurane (5 % induction, 3% maintenance) mixed with oxygen. The 

abdomen was elevated at approximately 45º and TNBS (30 mg/rat, in 1:1 

[vol/vol] mixture of absolute ethanol and saline) was injected into the colon via a 

cannula which was carefully inserted into the rectum (approximately 8 cm from the 

anus). The abdomen remained elevated at approximately 45º for 30 min to avoid 

leakage of TNBS. The body temperature of the rats was maintained with heating 

pads; eye salve was applied onto the eyes to prevent dehydration. Control animals 

were not subjected to any procedure on experimental day 0 to avoid incidental 

inflammation due to mechanical damage of the gut mucosa. After rectal TNBS 

administration, rats were single housed and body weight, food intake and feces 

condition were monitored daily. A 4-point scale was applied to assess feces 

conditions: score 0 for normal feces, 1 for soft feces with a normal form, 2 for 

diarrhea, 3 for the absence of feces production. 

2.4 PET imaging 

[11C]PBR28 with a radiochemical purity > 99% and a specific activity of 210±15 

GBq/µmol was synthesized as previously described [35]. The specific activity of 

[11C]PBR28 was not significantly different between the experimental groups 

(F(3)=0.944, p=0.439). PET scans were performed using a dedicated small animal 

PET scanner (MicroPET Focus 220, Siemens Medical Solutions, United States) in 

healthy animals or at day 4 or 11 after TNBS injection. Two rats from different 

experimental groups were scanned simultaneously in each scanning session. The 

body temperature of the rats was maintained with heating pads, eye salve was 

applied onto the eyes to prevent dehydration, and heart rate and blood oxygen 

levels were monitored with BioVet system (M2M Imaging, United States). 

For abdominal PET imaging rats were anesthetized with isoflurane mixed with 

medical air (5% induction and 3% maintenance) and a cannula was inserted into 

the tail vein for the injection of the PET tracer. Rats were positioned in the PET 

camera in a transaxial position with their abdomen in the center of the field of 
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view. A transmission scan of 10 min with a 57Co point source was performed and 

used to correct the PET data for attenuation, scatter and random coincidences and 

decay of radioactivity. After completion of the transmission scan, [11C]PBR28 

(29±11 MBq) was injected over a 1-min period and a 60-min emission scan was 

started. There was no significant difference in injected [11C]PBR28 dose between 

the groups (F =1.558, p =0.254). Rats were sacrificed after acquisition of the 

emission scan and tissues were collected for ex-vivo biodistribution. 

To investigate whether microglia were activated as a results of colitis induction, 

animals were subjected to PET imaging of the brain at three time points. The scans 

were performed in the same way as for the abdomen, except for the positioning of 

the animals in the PET camera. Rats were positioned with their heads in the center 

of the field of view. A bolus of 21±9 MBq [11C]PBR28 was injected, with no 

statistically significant difference in injected dose between time points (F=0.173, 

p=0.843). After the scan, rats were allowed to recover from anesthesia in their 

home cage, which was placed on a heating pad for at least 2 h. 

2.5 PET image reconstruction and analysis 

List-mode data of the [11C]PBR28 PET scans was separated into 21 frames (6x10, 

4x30, 2x60, 1x120, 1x180, 4x300, 3x600 sec). Emission sinograms were iteratively 

reconstructed using OSEM2D (4 iterations and 16 subsets). The [11C]PBR28 PET 

scans of the abdomen were analyzed with Vinci 4.26 software (Max Planck 

Institute for Neurological Research, Germany). Volumes of interest (VOIs) of the 

abdomen were drawn manually. In the exploratory analysis, VOIs of several sizes 

were drawn, giving similar results. Final analysis was done with VOIs of 7015 mm3 

(9784 voxels). The [11C]PBR28 PET scans of the brain were automatically co-

registered with a tracer-specific template [36] and spatially aligned with a 

stereotaxic T2-weigthed MRI template in Paxinos space [37] using Vinci 4.26 

software. For both abdominal and brain imaging, a frame of 10 min, starting 50 

min post injection, was chosen for analysis, as this time frame has been shown to be 

the most stable in recent studies with [11C]PBR28 PET [38]. Standardized uptake 

value (SUV) of the tracer for VOIs in the abdomen and the brain were calculated 

as follows: [tissue activity concentration (MBq/ml) x body weight (g)] / [injected 

dose (MBq)]. 
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2.6 Ex-vivo biodistribution 

Control and experimental animals were sacrificed after abdominal PET imaging 

and the uptake of [11C]PBR28 in various tissues identified was measured ex-vivo. 

Samples from major organs, bowels and brain were collected and weighted. 

Radioactivity in the tissues was measured with a gamma counter (LKB Wallace, 

Finland). The results of biodistribution studies are expressed as SUV according to 

the following equation: [tissue activity concentration (MBq/ml) x body weight (g)] / 

[injected dose (MBq)], which was calculated as indicated in the previous section. 

The same scale (SUV) was used for both imaging and ex-vivo biodistribution in 

order to facilitate comparison between both measurements. 

2.7 Statistical analysis 

Results are presented as mean ± standard deviation. Differences in body weight, 

injected dose and specific activity of [11C]PBR28 between the experimental groups 

were analyzed by one-way ANOVA. 

SUVs obtained from imaging and biodistribution studies were analyzed by one-

way ANOVA, followed by a Dunnett post hoc test with the control groups as 

reference. A probability (p) value <0.05 was considered as statistically significant. 

 

3. Results 

3.1 Disease symptoms  

Rectal administration of TNBS resulted in the development of clinical symptoms of 

colitis, which manifested as a decrease in food intake and a decrease in body 

weight, similar to what has been observed in previous studies [33,34,39]. On the 

experimental day 0, the body weight was 352±24 g and did not differ significantly 

between the groups (one-way ANOVA, F=0.512, p=0.61). As shown in figure 2, 

food intake on day 1 post TNBS injection, was reduced by 90±12 % (2.2±2.6 g 

versus 21±2 g, F=160.0, p<0.0001). As a result, body weight was reduced by 19±4 

g on day 2 after TNBS injection (6%±1% as compared to day 0). By day 7, body 

weight and food intake had recovered to baseline levels again. Diarrhea was 

observed in all rats after TNBS treatment. Some rats did not produce any feces for 

up to two days following TNBS administration. In some animals, blood in the feces 
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and fecal adhesion to the anus was noted. The consistency of the feces remained 

abnormal until sacrifice on day 11 post-TNBS administration, indicating that the 

animals had not fully recovered at the end of the experiment. This was confirmed 

by the abnormal appearance of the excised colon. 

3.2 Ex-vivo biodistribution and PET imaging of the abdomen 

As shown in figure 3, abdominal [11C]PBR28 PET images of control rats and rats 

treated with TNBS show a similar tracer distribution. An unknown hotspot in the 

abdomen was observed in all investigated groups (fig 3). By analyzing different time 

frames of the PET scan, we observed that this unknown hotspot was already clearly 

visible during the first 50 s of the scan (i.e. during the tracer injection), when the 

tracer is supposed to be mainly present in the blood (fig 3A and 3C). This implies 

that the observed hotspots are not representing the (inflamed) colon, but probably 

represent the blood vessels. The analysis of later frames showed that hotspots 

located in blood vessels remain clearly visible until the end of the 60-min scan and 

therefore the blood vessels could be a potential pitfall when interpreting 

[11C]PBR28 PET images of the abdomen. On the images acquired between 50 and 

60 min after tracer injection, highest uptake is observed in the kidneys and in the 

blood vessels, both in controls (fig 3B) and in TNBS-treated animals (fig 3D). The 

inflamed colon could not be clearly discriminated and therefore the whole 

abdomen was analyzed. [11C]PBR28 uptake in the abdomen (excluding kidney and 

visible blood vessels from the volume of interest) did not reveal any differences 

between the groups (control: SUV 0.62±0.12, day 4 after TNBS injection: SUV 

0.63±0.03, day 11 after TNBS injection: 0.66±0.04; F=0.288, p=0.76). 

Investigation of the intestinal tract by ex-vivo biodistribution on day 4 post-TNBS 

injection did not reveal any significant differences between controls and rats with 

colitis either. On day 11, however, significantly higher [11C]PBR28 uptake was 

observed in cecum and colon (2.23±0.14 vs. 1.80±0.28, p=0.02) of rats from the 

colitis group as compared to controls (fig 4).  

Ex-vivo biodistribution studies of tissues beyond other than the gastrointestinal 

tract at day 4 post-TNBS injection demonstrated that radioactivity concentrations 

in plasma (SUV 0.30±0.08 vs. 0.20±0.03, p<0.01), whole blood (SUV 0.39±0.08 

vs. 0.25±0.04, p<0.001) and liver (SUV 1.31±0.45 vs. 0.65±0.14, p=0.001) were 

significantly higher in rats from the colitis group than in controls. At day 11 post-
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TNBS injections, rats from the colitis group had significantly higher tracer uptake 

in kidneys than controls (SUV 8.30±0.70 vs. 6.20±2.20, p=0.024). 

3.3 Ex-vivo biodistribution and PET imaging of the brain 

As shown in figure 5A, ex-vivo biodistribution showed no significant differences in 

tracer uptake in the brain between groups on day 4 post-TNBS injection. On day 

11, however, significantly higher tracer uptake in the cerebellum of TNBS-treated 

animals than in controls was found (SUV 0.51±0.09 vs. 0.43±0.05, p=0.043).  

In contrast, PET imaging did not show any significant differences in tracer uptake 

in cerebellum (F=0.648, p=0.54) or whole brain (F=1.069, p=0.37) at any time 

point after TNBS administration (fig 4B, 5C, 5D), indicating that PET imaging was 

not sensitive enough to detect the difference in TSPO expression observed in ex-

vivo biodistribution studies . 

 

4. Discussion 

The goal of the present study was to investigate the feasibility of detecting TNBS-

induced inflammation in the gut and the brain of rats using PET imaging with the 

TSPO-targeting tracer [11C]PBR28. In humans, IBD is characterized by a strong 

peripheral inflammatory response. Previous studies have shown that TNBS 

administration in the rat colon causes symptoms similar to colitis in humans, such 

as temporal diarrhea, rectal bleeding, decreased food intake and loss of body 

weight. These symptoms were also observed in this study, indicating that colitis was 

indeed present in the TNBS treated rats. 

Colitis involves inflammation of the gut and is accompanied by infiltration of 

immune cells, including macrophages, in the colon. We observed that TNBS 

injection caused an increase in [11C]PBR28 uptake in cecum and the descending 

colon. This would suggest that infiltrating macrophages with elevated TSPO 

expression are present in these parts on the intestinal tract. This observation is in 

agreement with studies showing elevated TSPO expression in biopsies from 

patients with chronic IBD and in tissue sections from the descending colon of 

animals subjected to chemically-induced colitis [29][40].  
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Despite the elevated [11C]PBR28 uptake in the inflamed intestines, no significant 

differences in intestinal uptake between rats with colitis and controls could be 

detected by PET imaging. PET images of the abdomen showed high uptake of 

[11C]PBR28 in kidney and an unknown hotspot in the abdomen, which was 

initially interpreted as being the inflamed colon, due to the lack of any anatomical 

reference. However, further investigation of the kinetics of the tracer uptake 

demonstrated that the hotspot in the abdomen did not represent the inflamed 

intestine, but the blood vessels. The proximity of blood vessels to the colon may 

have prevented detection of the inflamed colon by [11C]PBR28 PET. The tracer 

uptake in the blood vessels is approximately 3-fold higher than in the inflamed 

colon and consequently partial volume and spill-over effects may have obscured the 

colon on the PET images. Ex-vivo biodistribution studies, on the other hand allow 

separation of the organs that are close together in the body and therefore 

differences in [11C]PBR28 uptake between groups could be detected by this 

method. The differences in SUV values in cecum and descending colon were 

significant but seem to be minor. Studies on brain demonstrated high specificity of 

[11C]PBR28 for TSPO receptors [40]. We hypothesize that this minor effect could 

be due to relatively low levels of TSPO receptor expression in rat colitis or due the 

fact that basal [11C]PBR28 in the intestine is relatively high (it is approximately 5 

times higher than background uptake in healthy brain, as measured with ex-vivo 

biodistribution). For that reason, it might be difficult to observe any effect of 

inflammation. 

It is important to notice that SUV values for the intestines obtained from ex-vivo 

biodistribution are approximately 3 fold higher than those obtained by PET 

imaging. This can be explained by the fact that in ex-vivo biodistribution feces, 

fluids and gases inside the intestine are removed and therefore do not contribute to 

the SUV. In PET imaging, on the other hand, a region of interest is drawn around 

a section of the gut, which includes not only the intestinal wall, but also the 

contents of the intestine in the intraperitoneal space. It seems likely that the 

concentration of activated macrophages is primarily located in the intestinal wall. 

Consequently, the radioactivity signal that originates from the activated 

macrophages in the colitis is diluted with the radioactivity signal from feces, 

intestinal lumen and intraperitoneal space, resulting in a lower SUV for the total 

region of interest. This cannot be avoided since the spatial resolution of the PET 

camera is insufficient to draw a region of interest around the intestinal wall alone. 
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In contrast to our results, other investigators using [18F]DPA-714 as the PET tracer 

reported that the inflamed colon could be visualized by PET in TNBS-injected 

animals. They described significantly increased tracer uptake in the colon of 

TNBS-injected rats 7 days after colitis induction, as compared to healthy controls 

[41]. Remarkably, from the DSS-induced model of colitis used in the same study 

for ex-vivo biodistribution, the reported absolute uptake of [18F]DPA-714 in the 

colon as determined by PET was at least an order of magnitude higher than the 

reported colon uptake of [18F]DPA-714 as measured by ex-vivo biodistribution. 

This suggests that [18F]DPA-714 PET data in the colon may have been affected by 

a substantial spill-over effect as well, possibly from the blood vessels or the intestinal 

contents. In future studies, PET should ideally be combined with simultaneous 

measurement of contrast-enhanced CT or MRI in order to correctly localize the 

colon and thus to allow better detection of differences in tracer uptake between 

conditions. Moreover, localization of the inflamed colon and reducing spill-over 

from the blood vessels could also be facilitated by injecting TNBS in the proximal 

colon, rather than in the distal colon, as demonstrated in previous studies [41]. 

When comparing the ex-vivo biodistribution results of our study with the reported 

data for [18F]DPA-714 in DSS-colitis model [41], [11C]PBR28 uptake in the colon 

of TNBS-treated rats was approximately 10-fold higher than [18F]DPA-714 uptake. 

However, the reported relative difference between the colitis group and controls is 

much larger for [18F]DPA-714 than the difference that we observed for 

[11C]PBR28. This suggests that the relatively high background uptake of 

[11C]PBR28 in the healthy gut may have led to insufficient contrast to detect colitis 

in rats. However, comparison between the studies should be interpreted with care, 

since not only different PET tracers were used, but also different time points after 

TNBS injection were investigated. Therefore, disease severity (i.e. inflammation) 

may have been different between the two studies.  

TNBS administration did not only affect [11C]PBR28 uptake in the intestines, but 

also in liver, plasma, whole blood (day 4) and kidneys (day 11). This is consistent 

with the previous studies demonstrating the distribution of [11C]PBR across the 

organs and its metabolic fate (renal clearance) [42].The increase in [11C]PBR28 

retention in the blood probably reflects the binding of the tracer to immune cells 

that were activated as a result of the experimental colitis. Since the blood content in 

the liver is high (approximately 30%), elevated blood radioactivity levels could also 

explain the increased tracer uptake in the liver. Moreover, the increased tracer 
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uptake in the liver could also be due to distinct changes in the dendritic cell and 

macrophage composition in the liver as a result of acute and chronic intestinal 

inflammation [43]. Previous studies have also shown crosstalk between the gut and 

kidney during colitis [44,45]. Chemically-induced colitis generates inflammatory 

mediators that are responsible for neutrophil infiltration in the kidney, resulting in 

acute kidney injury. Anti-inflammatory agents or knock-out of chemokine receptors 

could suppress the colitis-induced kidney injury [44,45]. Thus, infiltration of 

activated macrophages may have been responsible for the elevated tracer uptake in 

the kidneys. 

Likewise, the experimental colitis seems to have caused activation of microglia or 

infiltration of macrophages in the brain, as ex-vivo biodistribution studies revealed 

a small, but significant increase in [11C]PBR28 uptake in cerebellum 11 days after 

TNBS administration. In the previous studies, microglia activation in cerebellum 

has not been investigated, but it has been demonstrated in hippocampus at day 4 

following TNBS treatment [32]. This effect however, was not detected in our study, 

this could be caused by the difference in sensitivity of the PET tracer as compared 

to immunohistochemistry. In contrast to ex-vivo biodistribution, repetitive 

[11C]PBR28 PET imaging, could not reveal any activation of microglia or 

infiltration of peripheral macrophages in the brain, as no significant differences in 

cerebral or cerebellar tracer uptake were observed between rats with colitis and 

controls.  

 

5. Conclusions 

To summarize, interaction between intestinal inflammation associated with IBD 

pathology with the brain immune system may explain several brain-related 

comorbidities observed in patients with IBD. Longitudinal monitoring of 

inflammation in both the gut and the brain in animal models and in patients with 

colitis is necessary to confirm this hypothesis. For this purpose, it is essential to 

validate methods for reliable non-invasive measurement of inflammation that can 

be used both in animal studies and in clinical trials. In this study, we investigated 

the feasibility of monitoring brain and gut inflammation in a rat model of TNBS-

induced colitis with [11C]PBR28 PET and organ harvesting. Intestinal 

inflammation, kidney infiltration and mild neuroinflammation were detected in ex 
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vivo biodistribution studies. However, these effects could not be detected by 

imaging in our colitis model due to an insufficient sensitivity of the technique. This 

may be caused by spill-over effects as a result of the limited resolution of the PET 

camera or by insufficient contrast to detect subtle changes in 

microglia/macrophage activation due to the fact that the background signal of 

[11C]PBR28 is still too high (although it is lower than for many other TSPO 

tracers). On the other hand, lack of detection of TSPO receptors with PET imaging 

could be caused by not sufficient expression of these receptors. Although previous 

studies have demonstrated TSPO expression following TNBS injection [40], it is 

possible that more severe model with higher TNBS dose should have been applied 

here. This however still supports the hypothesis that PET imaging with [11C] is not 

a sensitive method for the detection of gut and brain inflammation in TNBS-

induced colitis in rats. 
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Figures  

Figure 1 Study design: a Three experimental groups were injected with 

[11C]PBR28, subjected to PET imaging of the abdomen and sacrificed for ex-vivo 

biodistribution to determine standardized uptake values (SUV) in various organs 

and tissues. The healthy control group (n=6, white) was terminated at day 4.  2, 4, 

6–trinitrobenzenesulfonic acid (TNBS) [30 mg/rat] treated rats were terminated at 

either at day 4 (n=6, grey) or day 11 (n=6, black). b A group of rats (n=6) was 

investigated by PET imaging of the brain 14 days before TNBS injection (baseline) 

and 4 and 11 days after TNBS injection.  
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Figure 2 Disease progression. Influence of colitis induced by intra-rectal injection 

of TNBS at day 0 on (a) food intake, (b) body weight and (c) feces score as a 

function of time. Fecal scored 0 = normal feces, 1 = soft feces, 2 = diarrhea, and 3 

= no fecal production. Data for food intake and body weight in healthy controls are 

represented by the values from day -6 to 0, before TNBS injection. For the fecal 

score, no symptoms of colitis were observed in healthy animals (score 0). After day 

7 following TNBS injection, the feces score was 1 for all animals (therefore no error 

bar is displayed). Data are presented as mean ± standard deviation (n=6). The 

animals did not undergo any other interventions or procedures within the displayed 

time frame.  
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Figure 3 PET imaging and ex-vivo biodistribution of peripheral organs and tissues 

as a function of disease progression. Healthy rats or TNBS-treated rats at either 

day 4 or day 11 post TNBS injection were injected intravenously with [11C]PBR28 

(29 ±11 MBq) and subjected to the a 60-min PET scan of the abdomen under 

isoflurane anesthesia: examples of sagittal and coronal sections showing the first 50 

s of the scan (a) and the last 10 min of the scan of a control rat (b); the first 50 s of 

the scan (c) and the last 10 min of the scan of a rat 4 days after TNBS injection (d); 

abdominal uptake (SUV) of [11C]PBR28 [mean ±standard deviation] in TNBS 

treated and control rats (e). Immediately after the PET scan (65 min after tracer 

injection), animals were sacrificed by cardiac puncture under deep sevoflurane 

anesthesia. Organs and tissues were harvested for ex-vivo biodistribution. 

[11C]PBR28 uptake in major organs and tissues as determined by ex-vivo 

biodistribution (mean ± standard deviation) (f). Statistically significant differences 

between TNBS-treated animals and the control group are indicated with an 

asterisk: * p<0.05 (ANOVA with Dunnett posthoc test). (on the next page) 
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Figure 4 Ex-vivo Biodistribution of the intestines as a function of disease 

progression.  [11C]PRB28 uptake (60 min) in the intestines of control rats (n=6) and 

TNBS-treated rats sacrificed at day 4 (n=6) and day 11 (n=6). Data are presented 

as mean ± standard deviation. Statistically significant differences between TNBS-

treated animals and the control group are indicated with an asterisk: * p<0.05 

(ANOVA with Dunnett posthoc test).  
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Figure 5 Ex-vivo biodistribution and PET imaging of the brain.  (a) Ex-vivo 

biodistribution of [11C]PRB28 (65 min) in the brains of control rats (n=6) and 

TNBS-treated rats sacrificed at day 4 (n=6) and day 11 (n=6).  (b) An example of a 

sagittal and coronal [11C]PRB28 PET image of the brain of a rat subjected to 

TNBS treatment (day 4) and its overlay with a MRI template with selected regions, 

as indicated by different colors and the numbers: 1=cortex, 2=caudate putamen, 

3=septum, 4=hippocampus, 5=cerebellum, 6=thalamus, 7=hypothalamus, 

8=pons+medulla. [11C]PRB28 uptake (50-60 min) in (C) whole brain and (D) 

cerebellum measured by PET imaging. Data are presented as mean ± standard 

deviation. Statistically significant differences between TNBS treated animals and 

the control group are indicated with an asterisk: * p<0.05 (ANOVA with Dunett 

posthoc test).  
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Abstract 

Postoperative cognitive dysfunction (POCD) is a common complication after 

surgery that can have long-lasting negative impact on the patient’s quality of life. 

Although the underlying mechanisms are still unknown, evidence suggests that 

neuroinflammation may mediate cognitive impairment following surgery. Here we 

confirmed the presence of neuroinflammation in a rat model of POCD and 

investigated the impact of the surgical procedure on brain metabolism. Nutrition is 

believed to affect cognition and brain metabolism and could modulate 

neuroinflammation. We therefore also evaluated the impact of a multi-nutrient 

supplementation diet containing anti-inflammatory ingredients on surgery-induced 

biochemical alterations in the brain and consequently on the symptoms of POCD.  

Methods: As model of POCD, major surgery in humans was mimicked in rats by 

exteriorizing the gastrointestinal tract and clamping the mesenteric artery for 30 

min. To assess the validity of the model, behavioral changes were evaluated in the 

first postoperative week. The effects of surgery on neuroinflammation and brain 

glucose metabolism were monitored noninvasively by positron emission 

tomography (PET) and confirmed by immunohistochemistry. To assess the effect of 

nutrition, rats were fed a control diet or investigational diet starting either 2 weeks 

before or immediately after the surgical intervention. 

Results: Major surgery caused significant bodyweight loss, reduced exploratory 

behavior, increased anxiety and tends to decrease spatial memory. [11C]PK11195-

PET imaging and immunohistochemistry confirmed the presence of 

neuroinflammation in several brain regions after surgery. [18F]FDG-PET imaging 

revealed both increased and decreased brain metabolism in distinct parts of the 

brain. Dietary intervention started after surgery reversed astrocyte activation in 

cerebellum and the periventricular zone had and decreased brain metabolism in 

the piriform cortex but it had no beneficial effect on anxiety and spatial memory. 

Dietary intervention started prior to surgery had a positive impact on recovery, 

resulting in faster recovery of body weight, normalization of exploratory behavior 

and spatial memory. This improvement was accompanied by reversal of astrocyte 

activation in the periventricular zone – but not in other brain regions – and 

normalization of brain metabolism in part of the motor cortex.  
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Conclusion: This study shows that major surgery can be accompanied by 

neuroinflammation and changes in glucose metabolism in several brain regions. 

Preventive intervention with a diet containing elevated amounts of anti-

inflammatory nutrients can affect neuroinflammation and brain metabolism and 

has a positive effect on the recovery from abdominal surgery in rats. 

 

1. Introduction 

Postoperative cognitive dysfunction (POCD) is a complication after surgery that is 

characterized by postoperative deterioration in several cognitive domains, such as 

working memory, long-term memory, concentration, information processing and 

language comprehension [1,2]. The symptoms of POCD can be long-lasting and 

have a significant negative impact on the quality of life of patients [3].  

Initially, POCD was described as a complication of cardiac surgery, but later it was 

shown to also occur after other types of major surgery [4]. Evidence indicates that 

multiple factors play a role in the development of POCD. The predominant risk 

factor for POCD is advanced age. Transient cognitive disturbances are observed in 

about 40% of the patients older than 60 and cognitive disturbances persisting for 

longer than 3 months are observed in around 10% of the elderly patients. Other 

risk factors include duration of surgery, pre-existing cerebral, cardiac or vascular 

disease, educational level, neurological diseases (e.g. Alzheimer’s disease) and the 

use of anticholinergic medication [5–8].  

The pathophysiology behind POCD is not yet fully elucidated. However, 

increasing evidence suggest that neuroinflammation plays a pivotal role in 

mediating cognitive impairment following surgery [1]. Surgical procedures cause 

local inflammation at the site of the intervention, as well as systemic inflammation. 

This may result in the activation of the immune cells in the brain [9,10]. 

Neuroinflammation is a normal protective response of the brain, but when it is 

exaggerated and persists for a longer period of time, it may lead to cognitive 

impairment [3,11]. In patients, the levels of proinflammatory biomarkers correlate 

to the severity of cognitive decline [12]. The involvement of neuroinflammation in 

the development of cognitive decline has been supported by animal studies. 

Abdominal surgery in rats was described as a model mimicking major surgery in 

humans and was shown to cause impairment in learning and memory in young rats 
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and an even more severe decline in cognitive performance and affective behavior in 

aged rats. These cognitive and behavioral effects were accompanied by an increase 

in central and peripheral inflammatory markers in both young and old animals 

[10,13,14].  

Adequate treatment for POCD is not yet available. Since neuroinflammation is 

believed to be an important factor in the pathology of POCD, it could be a 

promising target for future therapies. Evidence suggests that nutrients may have an 

impact on the development of cognitive decline and neuroinflammation. Depletion 

of nutrients, such as B vitamins, vitamin A and D, and omega-3 fatty acids, has 

been associated with cognitive decline in animal models and in humans [15–19]. 

Moreover, studies in cells, animal models and in humans have demonstrated that 

food components, such as specific omega 3 fatty acids or vitamins, can ameliorate 

neuroinflammation and cognitive dysfunction [20–24]. A specific dietary 

intervention aiming to modulate inflammation might be a promising treatment 

strategy for POCD. 

The goal of this study was to confirm the presence of neuroinflammation in a rat 

model of postoperative cognitive decline to investigate the effect of POCD on brain 

glucose metabolism, as surrogate marker for brain activity. Brain metabolism may 

provide more insight in the mechanisms underlying of POCD, as it may be a link in 

the interaction between neuroinflammation and behavior. Thus, rats underwent 

major abdominal surgery and brain metabolism and neuroinflammation were 

investigated non-invasively with positron emission tomography (PET), using 

[18F]FDG and [11C]PK11195 as the tracers, respectively. PET imaging is a 

powerful tool for monitoring of the brain physiology and neuroinflammation that 

can be applied both in animals and in humans and therefore facilitates translation 

to future clinical studies. In addition, we investigated whether dietary intervention, 

aimed to ameliorate the inflammatory response in the brain, can prevent or treat 

POCD. To this end, rats were subjected to an investigational diet containing 

elevated amounts of specific anti-inflammatory nutrients and the ability of the 

dietary intervention to reverse the effects of surgery on behavior, 

neuroinflammation and brain metabolism was determined.  
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2. Material and methods 

2.1 Experimental animals  

Animal experiments were performed in accordance with Dutch Regulations for 

Animal Welfare. All procedures were approved by the Institutional Animal Care 

and Use Committee of the University of Groningen (protocol DEC 5963E). 

Male outbred Wistar-Unilever rats (10 weeks of age, n=32) were purchased from 

Harlan (Horst, The Netherlands) and housed in groups (2-6 animals per cage) in 

thermo-regulated (21 ±2 °C) and humidity-controlled rooms, under a 12-12 h 

light-dark cycle (lights on at 6:00 AM). After arrival, the rats were allowed to 

acclimatize for at least 7 days. All rats were fed with control diet from the time of 

arrival until the start of the experiment; food and water were available ad libitum 

before and during the experiment, and paper rolls were provided as a cage 

enrichment. From the day of surgery onward, animals were housed individually. 

2.2 Diet 

The investigational diet was based on the standard food for laboratory rodents: 

AIN93-G [25], which served as the control diet. Both diets were iso-caloric and 

were produced by Research Diet Services (Wijk bij Duurstede, The Netherlands). 

The composition of the investigational diet is listed in Table 1, and differed from 

the control diet by the presence of low-glycaemic index carbohydrates, dietary 

fibers, tryptophan, and a lipid profile that predominantly differed in 

docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) content. Diets were 

stored at -20 °C until use, to prevent fatty acid oxidation. 

2.3 Study design 

The study design is depicted in figure 1. The rats were randomly divided in four 

groups (n=8 per group). Three groups were subjected to abdominal surgery 

combined with jugular vein cannulation, under sevoflurane-O2 anesthesia. Each 

group was subjected to a different feeding protocol: the surgery control group (SC) 

was fed with control diet during the entire experiment; the surgery with 

postoperative dietary intervention group (SI-post) was fed with the investigational 

diet from the day of the surgery (day 0) until the end of the experiment (day 7); the 

preoperative dietary intervention group (SI-pre) was fed with the investigational 
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diet from 2 weeks before surgery (day -14) until the end of the experiment (day 7). 

A sham control group (CC) was not subjected to any surgical procedure or 

anesthesia and was fed with the control diet throughout the entire experiment. 

Rats were weighed daily. Exploratory behavior, learning and memory were 

assessed with the open field, novel object recognition, and novel location 

recognition tests, on postoperative day 3. PET imaging of brain metabolism (using 

[18F]FDG) and neuroinflammation (using [11C]PK11195) was performed on 

postsurgical days 4 and 7, respectively. After the PET scan on postoperative day 7, 

the rats were sacrificed and the brains were collected for immunohistochemistry. 

Due to surgical complications one rat did not survive the surgery on day 1 (from 

the SI-pre group), and one rat did not survive the [18F]FDG PET scan on day 4 

(from the SI-pre group). During the [11C]PK11195 PET scan procedure, 7 rats did 

not survive the scan (2 from CC, 1 from SC and 4 from SI-post group) and in 2 rats 

the injected activity was too low for reliable measurement of the plasma input (1 

from SI-post group and 1 from SI-pre group). Therefore, these animals were 

excluded from the analysis of [11C]PK11195 PET imaging, but were included in all 

other measurements. 

2.4 Surgery 

A rat model of abdominal surgery was used to mimic major abdominal surgery in 

humans. Surgery was performed as described previously [13]. Briefly, rats were 

anesthetized with sevoflurane (5% induction, 3% maintenance at 0.8 L/min) mixed 

with oxygen. Immediately following induction, rats received buprenorphine 

analgesia (0.01 mg/kg Temgesic s.c.). The gastrointestinal tract was exteriorized 

and the upper mesenteric artery was clamped for 30 min to restrict the blood flow 

in the mesenteric vascular bed. During this procedure, an indwelling catheter was 

placed in the jugular vein to allow repeated blood sampling. The control group of 

rats was not subjected to any surgical procedure or anesthesia. From the day of the 

surgery (day 0) until the end of the experiment, all rats were single housed.  

2.5 Behavioral tests 

All the behavioral experiments were performed during the dark phase and 

recorded on video for further analysis using Ethovision XT8 (Noldus Information 

Technology, Wageningen, The Netherlands) or Eline software. 
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2.5.1 Open field 

To measure exploratory activity and anxiety, an open field test was performed on 

postoperative day 2, according to Schoemaker and Smits  (1994). A square box 

(100x100x40 cm) divided into a center area (60x60 cm), 4 corner areas (20x20 cm), 

and 4 side areas (20x60 cm), as depicted in figure 3, was used and behavior was 

recorded for 5 min. The percentage of time spent in the center was determined 

using Ethovision and used as a measure for anxiety. The percentage of time the rats 

spent walking was scored manually using Eline software and used as measure for 

open field activity.  

2.5.2 Novel object and novel location recognition 

To test visual and spatial memory, a novel object and novel location test were 

performed on postoperative day 3 according to the procedure described by Hovens 

et al. (2014). Rats were habituated to the test box (50x50x40 cm) on day 2 for 5 min 

(see figure 4). The habituation was repeated on day 3 for 3 min. Two identical 

objects (plastic bottles or Lego cubes) were then presented to the rats. The animals 

were allowed to explore those objects for 3 min. The objects were then removed 

and, after a 45-s pause, during which the rat remained in the test box, one familiar 

object and one new object were presented to the rats for 3 min to test novel object 

recognition (NOR). After the NOR phase, the objects were removed and, after a 

45-s pause, the objects were placed in the box again to test novel location 

recognition (NLR). The familiar object was placed in its original location, while the 

novel object was placed at a novel location. All objects were cleaned with 70% 

ethanol prior placement in the test box to remove smell cues. 

The percentage of time each animal spent exploring each object was scored 

manually using Eline software. To measure NOR and NLR, the ratio between the 

time spent exploring the novel object or the relocated object and the total time 

spent on object exploration was calculated, respectively. Trials in which the animal 

did not explore the objects were removed from the analysis. Therefore 1 animal 

from SI-pre was removed from analysis of the novel object tests and 1 animal from 

SI-post and 2 from SC were removed from analysis of the novel location test.  
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2.6 PET imaging 

[11C]PK11195 with a specific activity of >120 GBq/μmol was produced as 

previously described [28]. The specific activity of [11C]PK11195 did not differ 

significantly between the experimental groups (p=0.8). The radiochemical purity 

was always > 95%. [18F]FDG and [11C]PK11195 PET scans were performed using 

a dedicated small animal PET scanner (Focus 220, Siemens Medical Solutions, 

United States) at postoperative days 4 and 7, respectively. After each PET 

acquisition, a transmission scan of 10 min with a 57Co point source was performed 

and used during image reconstruction to correct for attenuation, scatter and 

random coincidences. Two rats from different experimental groups were scanned 

simultaneously in each scanning session. The body temperature of the rats was 

maintained with heating pads, eye salve was applied onto the eyes to prevent 

dehydration, and heart rate and blood oxygen levels were monitored with a BioVet 

system (M2M Imaging, United States). 

On postoperative day 4, the [18F]FDG PET scan was performed. First, the rats 

were anesthetized with sevoflurane mixed with medical air (5% induction and 3% 

maintenance, 0.8 L/min) and a cannula was inserted into the tail vein for the 

injection of the PET tracer. After the cannulation, the rats were positioned in the 

camera in a transaxial position with their heads in the center of the field of view. 

[18F]FDG (20 ±8 MBq) was injected with a pump over a period of 1 min and a 60-

min PET scan was started. There were no statistical differences in the injected 

tracer dose between the groups (p=0.075). After the scan, rats were allowed to 

recover from anesthesia in their home cages that were placed on a heating pad, for 

at least 2 h.  

On postoperative day 7, a [11C]PK11195 PET scan with arterial blood sampling 

and metabolite analysis was performed. The rats were anesthetized with 

sevoflurane mixed with medical air (5% induction and 3% maintenance, 0.8 

L/min) and a cannula was inserted into the femoral vein for PET tracer injection 

and another cannula into the femoral artery to allow for arterial blood sampling. 

Then the rats were positioned in the camera in a transaxial position with their 

heads in the center of the field of view. [11C]PK11195 (55 ±17 MBq, 0.66 ±0.29 

nmol) was injected with a pump over a period of 1 min. At the same time a 60-min 

emission scan was started. No significant differences between the injected 

[11C]PK11195 dose of radioactivity and injected mass were observed between the 
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groups (p=0.30; p=0.353, respectively). After the scan, the rats were sacrificed and 

tissue samples were collected.  

2.7 Arterial blood sampling and metabolite analysis 

The [11C]PK11195 PET scan was accompanied by arterial blood sampling. Blood 

samples of approximately 100 µl were collected at the following time points after 

injection: 10, 20, 30, 40, 50, 60, 80, 120, 180, 450, 600, 900, 1200 s. Additional 

blood samples of approximately 300 µl were collected at 300, 1800, 2400 and 3600 

s for analysis of radioactive metabolites. After withdrawal of each blood sample, an 

equal volume of heparinized saline was injected to prevent large changes in blood 

pressure. A 25 µl aliquot of each blood sample was used to measure the whole 

blood radioactivity at each time point. The rest of the blood sample was centrifuged 

in Eppendorf-type centrifuge at 13000 rpm (15,996 g) for 5 min to collect plasma. 

Blood and plasma activity (25 µl each) was measured with a gamma counter (LKB 

Wallace, Finland).  

Plasma samples from 4 time points were used for the analysis of radioactive 

metabolites. Each plasma sample was mixed with one third of its volume 

acetonitrile in order to precipitate proteins, followed by centrifugation at 13000 

rpm (15,996 g) for 5 min. An aliquot of 250 µl of the supernatant was applied into a 

UPLC system to separate the parent tracer from its metabolites using an Acquity 

column (UPLC HSS T3 1.8 µm 3.0 x 50 mm, 35 °C) with acetonitrile and MilliQ 

water as eluent (flow: 0.8 mL/min, UV: 254 nm, Loop: 250 µL). The eluent was 

collected in 15 fractions of 30 s (retention time of metabolites was 30 s and 5 min, 

respectively; and 6.5 min for the intact tracer) and radioactivity in the samples was 

counted using a gamma counter. After correction for background radioactivity, the 

percentage of intact tracer was calculated as: (number of counts in fractions 

containing the intact tracer / total number of counts in all fractions) * 100%. 

The percentage of intact tracer in plasma measured at 4 time points was fitted by a 

mono-exponential function. The radioactivity levels in plasma were corrected for 

the percentage of intact tracer at the respective time points. The metabolite-

corrected plasma activity curve was used as input function for kinetic modelling. 
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2.8 PET image reconstruction and analysis 

The list-mode data of the [18F]FDG scans were separated into 2 frames (2x1800 

sec), while the list-mode data of the [11C]PK11195 scans were separated into 21 

frames (6x10, 4x30, 2x60, 1x120, 1x180, 4x300, 3x600 s). Emission sinograms were 

iteratively reconstructed using OSEM2D (4 iterations and 16 subsets).  

The [18F]FDG PET scans were automatically co-registered with a tracer-specific 

template [29], spatially aligned with a stereotaxic T2-weigthed MRI template in 

Paxinos space [30], using Vinci 4.26 software (Max Planck Institute for 

Neurological Research, Germany). A frame of 30 min, starting 30 min post 

injection was used to evaluate the differences between the groups. [18F]FDG uptake 

images were compared using SPM voxel-based analysis, a method which is more 

sensitive than volume of interest-based approaches [31], since it allows detection of 

effects in part of an anatomical region. All the images were normalised for the 

whole brain [18F]FDG uptake. A prerequisite for using normalized images for 

voxel-based analysis is that none of the groups showed any significant difference in 

the whole brain uptake. One-way ANOVA showed that this requirement was met 

(p=0.15).  

The [11C]PK11195 PET images were analyzed by pharmacokinetic modelling, 

using the whole blood curve and metabolite-corrected plasma curve as the input 

functions. Volumes of interest (VOIs) were determined using an MRI template of 

the rat brain [30]. Data were analysed with PMOD software 3.5 (PMOD 

Technologies, Switzerland), using the reversible two-tissue compartment model 

with K1/k2 fixed to the whole cortex value [32], and a fixed blood volume of 3.6% 

[33]. The non-displaceable binding potential (BPND) of [11C]PK11195 was 

calculated as k3/k4 [34]. 

2.9 Immunohistochemistry 

After the PET scan on postoperative day 7, the rats were sacrificed under deep 

sevoflurane anesthesia (5%) by transcardial perfusion with saline, followed by 

transcardial perfusion with 4% paraformaldehyde. Brains were dissected and 

immersion fixed with 4% paraformaldehyde for 24 h at room temperature, 

followed by cryopreservation in 30% sucrose in phosphate-buffered saline (PBS) for 

24 h. Brains were stored at -80 °C until further processing. One hemisphere of each 

brain was cut into 10 µm thick sagittal sections, which were placed onto adhesive 
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microscope slides and stored at -20 °C until further analysis. The other hemisphere 

was cut into 30 µm thick sagittal sections and stored in PBS (0.01M phosphate 

buffered saline) containing 0.1% sodium azide at 4°C until further analysis 

To analyse microglia and astrocytes, 10 µm brain sections were blocked with 5% 

bovine serum albumin (BSA, Sigma Aldrich) in PBS for 30 min at room 

temperature. The primary antibody, mouse anti-GFAP (Sigma Aldrich) for 

astrocytes, was applied overnight (~16 h) in 1:400 dilution in PBS containing 1% 

BSA at 4°C. Next, the sections were washed 3 times with PBS and the secondary 

antibody, anti-mouse Cy3 (Life Technologies) in a 1:1000 dilution in PBS 

containing 1% BSA, was applied for 1 h. The sections were washed 3 times with 

PBS and the slides were analyzed with a TissueFAXS system (Tissue Gnostics).  

The images were scored by an independent researcher that was blinded for the 

treatment of the animals (images were coded by numbers without any indication of 

the group). Morphology of GFAP cells was determined in randomly selected 

0.0432 mm2 sections of the Cornu Ammonis (CA) 1 region of the hippocampus, the 

region of the periventricular zone surrounding the lateral ventricle, and the 

preculminate fissure region of the cerebellum of 3-5 brain slices per rat using 

ImageJ software. 

2.10 Statistical analysis 

The statistical analysis was performed using IBM SPSS software Statistics 22 (SPSS 

Inc., United States). Bodyweight and metabolite analysis data are presented as 

mean ± standard error of the mean (SEM). Differences in bodyweight between 

groups at the start of the experiment were analyzed by one-way ANOVA. 

Bodyweight changes and [11C]PK11195 metabolism were analyzed for the 

differences between time points and between groups with the generalized 

estimating equations (GEE) model with a Bonferroni post-hoc correction to 

account for multiple comparisons [35,36]. The exchangeable correlation matrix 

and the Wald test were used to calculate p-values. P-values <0.05 were considered 

statistically significant. 

Results from behavioral tests, [11C]PK11195 PET and immunohistochemistry are 

presented as dot-plots with a line representing the mean and error bars 

representing the SEM. In the results section, the median value and the 0.25-0.75 

interquartile range (IQR) are reported. Due to the small sample size and not 



Chapter 6  

128 

normal distribution, differences between the groups were analyzed with non-

parametric tests. First, the Kruskal-Wallis H test was used to test for a main group 

effect and if statistical significance was reached, the Mann Whitney U test was used 

for comparisons between the experimental groups.  

[18F]FDG PET uptake images were normalized for the whole brain [18F]FDG 

uptake and analyzed using SPM voxel-based analysis to allow detection of effects in 

part of an anatomical region. [18F]FDG PET results are presented as T-maps 

obtained from voxel-based analysis. Voxel-based analysis was performed using the 

SPM12 software package (Wellcome Trust Centre for Neuroimaging, United 

Kingdom) and the SAMIT toolbox [37]. PET images were smoothed with a 1.2 

mm isotropic Gaussian kernel, global uptake differences between the rats were 

normalized for the mean whole brain uptake as described previously [38,39]. Mean 

values for the whole brain uptake were not statistically different across the groups 

(p=0.145). An ANOVA test was performed followed by a two-sample t-test 

comparison between groups to evaluate the effect of surgery and the effect of diet 

(CC vs. SC, SC vs. SI-post, SC vs SI-pre). The T-map data were interrogated at 

p<0.005 (uncorrected) and a minimum cluster size threshold of 200 voxels. Only 

clusters with p<0.05 corrected for family-wise error were considered statistically 

significant. 

 

3. Results 

3.1.1 The effects of surgery on bodyweight  

Before surgery, the average bodyweight was 392 ±49 g and was not statistically 

different between groups (p=0.89), indicating that the diet by itself did not affect 

bodyweight. The bodyweight following surgery was calculated relative to the 

bodyweight of the animal on the day of surgery (experimental day 0). Bodyweight 

was significantly reduced (p≤0.001) during the postoperative period in SC group as 

compared to the control group (fig 2). 

3.1.2 The effects of investigational diet on bodyweight following surgery  

Bodyweight changes were affected by dietary intervention (fig 2). There were no 

significant differences between SC and SI-pre. However, on the last two days of the 
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experiment, the average bodyweight in the SI-pre group was not significantly 

different anymore from that in the untreated control group (CC vs SI-pre: p=0.23 

at day 6; p=1.0 at day 7), while the body weight for SI-post and SC groups were 

significantly reduced (p≤0.001) as compared to CC during the whole postoperative 

period. This suggests that the SI-pre group recovered faster from the surgery. The 

relative body weight in the SI-post group, on the other hand, was also significantly 

lower than in the SC group (p≤0.037) at each time point after surgery. 

3.2.1 The effects of surgery on exploratory behavior and anxiety 

To investigate the impact of surgery on postoperative behavior, we used the open 

field test as an indication for mobility and anxiety-related behavior on 

postoperative day 2 (fig 3 A-C). The time spent walking (mobility) differed 

significantly between the experimental groups (p<0.001, fig 3B). The SC group 

spent significantly less time walking as compared to the CC group (CC: 36.0 s, IQR 

33.8-38.7, SC: 25.9 s, IQR 20.8-26.57, U<0.001, Z=-3.258, p<0.001).  

The time spent in the center of the open field (anxiety) also differed significantly 

between groups (p=0.016, fig 3C). Posthoc analysis revealed that surgery caused a 

significant reduction in the time spent in the center of the open field arena (CC: 65 

s IQR, 43-82, SC: 21 s, IQR: 17-36, U=6.0, Z=-2.73, p=0.005). 

3.2.2 The effects of investigational diet on exploratory behavior and anxiety 

following surgery 

As depicted on figure 3B, postsurgical intervention with an investigational diet 

affected the time spent on walking. The preoperative diet significantly reduced the 

effect of surgery on the time spent walking (SI-pre vs. SC group, U<0.001, Z=-

3.255, p<0.001). In fact, the time spent walking by the SI-pre group was completely 

normalized and did not differ significantly anymore from the CC group (SI-pre vs. 

CC, U=19.0, Z=-0.705, p=0.5). In contrast, the postoperative diet intervention was 

not able to reverse these effects of surgery (SI-post vs. SC group, U=15.5, Z=-

1.751, p=0.083).  

The pre-surgical intervention with investigational diet did not have effect surgery-

induced anxiety related behavior (SI-pre 19 s. IQR 12-38, SI-pre vs. SC: U=24.0 

Z=-0.46 p=0.69). The SI-post group spent more time in the center of the area than 

the SC group, although this difference was not statistically significant (U=26.5 Z=-
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0.58 p=0.57). As a result, however, the time spent in the center of the arena by the 

SI-post group was not significantly different from the control group (24 s. IQR 18-

61, SI-post vs. CC: U=16.0, Z=-1.68, p=0.11), suggesting a potential trend towards 

a positive impact of postoperative dietary intervention on anxiety-related behavior. 

In conclusion, we observed decreased mobility and increased anxiety following 

surgery. The decreased mobility was normalized only by pre-surgical intervention, 

while anxiety was not significantly changed by none of the treatment with the 

investigational diet. 

3.3.1 The effects of surgery on learning and memory 

On postoperative day 3, postoperative memory performance was measured using 

the NOR and NLR tests, in order to measure the effect of surgery on short-term 

visual memory and spatial memory, respectively. As depicted in figure 3D-E, there 

were no differences in object preferences between groups during the exploratory 

phase. During the tests, there were no significant differences between the groups in 

the NOR phase, but a significant main effect was observed in the NLR phase 

(p=0.038). Post-hoc analysis revealed that the SC group showed a trend towards 

lower location recognition, as compared to the CC group, as this effect almost 

reached statistical significance (time spent exploring relocated object; CC: 75%, 

IQR 63-84; SC: 63%, IQR 50-67, U=9.00, Z=-1.94, p=0.06).  

3.3.2 The effects of investigational diet on learning and memory following surgery 

The SI-post group did not show any beneficial effect on surgery-induced impaired 

spatial memory (SI-post vs. SC: U=11.0, Z=-1.43, p=0.18), and still had a 

significantly lower preference for the relocated object as compared to the CC group 

(SI-post: 51%, IQR 46-61, U=4.0, Z=-2.777, p=0.004). The SI-pre group was not 

significantly different from the CC group (SI-pre: 62%, IQR 58-85, U=24.00, Z=-

0.46, p=0.69) or the SC group (U=18.00, Z=-0.43, p=0.73). No significant 

differences between the different dietary regimens were observed.  

In conclusion, we did not observe changes in novel object recognition following 

surgery, while there was a trend towards reduced novel location recognition in the 

SC control group which reached significance in the SI-post group, but such 

changes were not observed in the SI-pre group. 
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3.4.1 The effects of surgery on neuroinflammation 

Neuroinflammation was measured by PET with [11C]PK11195, a tracer targeting 

TSPO receptors that are expressed by microglia and astrocytes during 

inflammation. A statistically significant group effect in the [11C]PK11195 binding 

potential was found for the whole cortex (p=0.009), cerebellum (p=0.025), whereas 

a trend was found in hippocampus (p=0.056).  

As depicted in figure 4, post-hoc analysis revealed that the binding potential in the 

cortex (CC: 0.57, IQR 0.49-1.24; SC: 2.42, IQR 1.49-3.36, U=0.001, Z=-2.739, 

p=0.004) and cerebellum (CC: 1.07, IQR 0.75-1.5, SC: 3.44, IQR 1.84-3.53, 

U=1.0, Z=-2.402, p=0.016) was significantly increased in the SC group as 

compared to CC. The binding potential in the hippocampus only showed a trend 

towards increased tracer uptake in the SC group, as compared to CC (CC: 0.4, 

IQR 0.21-0.68, SC: BP 1.8, IQR 0.59-1.93, U=3.0, Z=-1.984, p=0.056). These 

results indicate that surgery increased TSPO receptors density in some brain 

regions. 

3.4.2 The effects of investigational diet on neuroinflammation following surgery 

As depicted in figure 4, no differences in [11C]PK11195 binding potentials in the 

cortex were observed between the animals subjected to surgery alone and surgery 

combined with a pre-surgery dietary regimen SC vs. SI-pre (U=7.0, Z=-0.516, 

p=0.71). The post-surgery dietary intervention reduced the [11C]PK11195 binding 

potential in the cortex by approximately 40%, but this effect did not reach 

statistical significance yet (SC vs. SI-post, U=3.0, Z=-1.55, p=0.17). 

The[11C]PK11195 binding potential in the hippocampus was not affected by either 

dietary intervention, as there was no significant difference between the SC group 

and either the SI-post group or the SI-pre group (SC vs. SI-post, U=6.0, Z=-0.447, 

p=0.79; SC vs. SI-pre, U=6.0, Z=-0.447, p=0.79). Dietary intervention also did 

not have any effect on the [11C]PK11195 binding potential in cerebellum (SC vs. 

SI-post, U=5.0, Z=-0.745, p=0.57; SC vs. SI-pre, U=6.0, Z=-0.447, p=0.79). 

Taken together, these results indicate that no significant effects of either 

investigational diet on the surgery-induced increased TSPO receptors density could 

be detected by [11C]PK11195 PET imaging. 
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3.5 PK11195 metabolism 

In order to apply pharmacokinetic modelling for [11C]PK11195 PET imaging, it 

was necessary to monitor changes in [11C]PK11195 metabolism during the PET 

scan. Interestingly, we observed that [11C]PK11195 metabolism was significantly 

different between the treatment groups (p<0.001, fig 5). Tracer metabolism was 

significantly slower in groups subjected to the surgery than the CC group 

(p<0.008). Moreover, the SI-pre group displayed an even significantly slower 

metabolism than the SC group (p=0.035). These results indicate that both surgery 

and the investigational diet had a significant effect on the metabolism of the PET 

tracer.  

 

3.6.1 The effects of surgery on brain astrocyte activation  

The extent of astrocyte activation showed a main group effect in the hippocampus 

(p=0.023), cerebellum (p=0.047) and the periventricular zone (p=0.003) (fig 6), but 

not in the cortex (data not shown). In the hippocampus (fig 6A; SC: 230%, IQR 

143-308, p=0.03) and the periventricular zone of the lateral ventricles (SC: 126%, 

IQR 121-129, p=0.004), the relative GFAP staining (represented as % of the 

optical density as compared to the CC group) was increased significantly in the SC 

group as compared to CC controls. In the cerebellum, surgery only induced a trend 

towards increased relative GFAP staining, which did not reach statistical 

significance (fig 6B; SC: 161%, IQR: 134-182, p=0.11).  

These results demonstrate that surgery induced significant activation of astrocytes 

in several brain regions. 

3.6.2 The effects of investigational diet on brain astrocyte activation following 

surgery  

In the hippocampus (fig 6A), astrocyte activation was not affected by the 

investigational diet, as no significant differences between the SC group and the 

dietary intervention groups were observed (SC vs. SI-post, U=7.0, Z=-1.06, 

p=0.35; SC vs. SI-pre, U=11.0, Z=-0.213, p=0.91). Interestingly, the SI-post 

group, but not the SI-pre group, showed a significantly lower GFAP expression in 

cerebellum as compared to the SC group (SC vs. SI-post, U<0.001, Z=-2.309, 

p=0.029). In fact, the GFAP levels could be completely normalized to the level of 
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CC controls by the postoperative dietary intervention (CC vs. Sip-post, U=9.0, Z=-

0.245, p=0.905).  

In contrast, both dietary interventions significantly reversed the effect of surgery on 

GFAP expression in periventricular zone of the lateral ventricles (fig 6C; SC vs. SI-

post, U<0.001, Z-2.334, p=0.024; SC vs. SI-pre, U<0.001, Z-2.745, p=0.004), 

indicating that dietary intervention had normalized the surgery-induced activation 

of astrocytes in the periventricular zone.  

3.7.1 The effects of surgery on brain metabolism  

Surgery caused significant changes in [18F]FDG uptake in different brain regions 

on postoperative day 4. As shown in fig 7 A, increased [18F]FDG uptake after 

surgery was mainly observed in a part of the motor cortex (peak at Paxinos 

coordinates: 1.7, 3.6, -3.2), pons (peaks at coordinates: -4.3, -10.8, -7.4 and 2.3, -

11.0, -7.6) and amygdala (peak at coordinates: -1.5, -1.8, -7.6) of the SC group. On 

the other hand, a large cluster of voxels with decreased [18F]FDG uptake with a 

peak at Paxinos coordinates -4.9, 0.8, -1.8 was detected after surgery (fig 7 B). This 

cluster included part of the cortex (mainly motor cortex and somatosensory cortex) 

and striatum. 

3.7.2 The effects of investigational diet on brain metabolism following surgery 

As shown in figure 8A and B, postoperative dietary intervention did not increase 

glucose metabolism in any brain region as compared to the SC group, but it 

induced a focal decrease in [18F]FDG uptake in the cortex, mainly in the piriform 

cortex (peak coordinates -0.5, 2.2, 7.6). Pre-operative dietary intervention (fig 8C 

and D) partly reversed the effect of surgery on brain metabolism, in particular it 

increased glucose metabolism in the motor cortex (peak coordinates -4.3, 4.4, -11 

and 4.3, 4.0, -2.4), the region in which glucose metabolism was decreased due to 

the surgery. Moreover, Pre-operative dietary intervention decreased [18F]FDG 

uptake in cerebellum (peak coordinates -3.9, -10.6, -6.6 and 2.9, -13.8, -4.0) as 

compared to the SC group. The data on the number of voxels affected by surgery 

and dietary interventions are listed in the supplementary section (supplementary 

data, Table 1). These results indicate that the investigational diet might partly 

ameliorate the effects of surgery on brain metabolism in the motor cortex and 

cerebellum. 
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4. Discussion 

In this study, a rat model of postoperative cognitive decline was investigated using 

non-invasive PET imaging techniques in order 1) to confirm previous data on the 

presence of neuroinflammation and behavioral abnormalities, and 2) to investigate 

how brain glucose metabolism is affected. Furthermore, we assessed the potential of 

a dietary intervention to influence POCD via modulation of neuroinflammation in 

this model. For this purpose, we monitored the effects of abdominal surgery on 

brain glucose metabolism, neuroinflammation and behavior in rats receiving 

different diet regimens: 1) control diet, 2) investigational diet started immediately 

after the surgery and 3) investigational diet started 14 days before surgery. The diet 

investigated in this study was iso-caloric to the control diet and designed to target 

neuroinflammation, as it contains elevated amounts of components which have 

been described to exert an anti-inflammatory effect.  

A rat model of abdominal surgery was used to mimic major abdominal surgery in 

humans that can lead to POCD. In accordance with previous studies [10,13], we 

observed that  surgery induced loss of body weight, reduction of motor activity and 

increased anxiety. While previous studies in this model showed reduced spatial 

memory performance, we only observed a strong trend. This may be due to the 

relatively small sample size for behavioral experiments in this study.  

Abdominal surgery was previously shown to induce microglia activation in rats, 

using immunohistochemistry [10]. In contrast to these studies, we used 

[11C]PK11195 PET imaging to monitor neuroinflammation in this POCD model. 

This allowed us to explore the inflammatory response throughout the entire brain 

in a non-invasive manner, rather than only in selected regions of the post-mortem 

brain. The PET tracer [11C]PK11195  binds to TSPO receptors which are 

overexpressed on the outer membrane of the mitochondria of activated microglia, 

astrocytes and infiltrating macrophages [40,41]. [11C]PK11195 PET confirmed 

that surgery induced an increase in TSPO receptors density in the cortex and 

cerebellum, whereas in the hippocampus a trend towards increased TSPO 

expression was observed. This increased hippocampal neuroinflammation is in line 

with previous findings from immunohistochemistry in the POCD model [10]. 

Neuroinflammation has not been investigated in the cortex and cerebellum before. 

These regions are involved in spatial memory and movement. The activity of the 

cerebellum is classically related to motor functions, although recent findings 
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indicate that it is also involved in memory and anxiety [42]. Therefore, 

neuroinflammation in these brain regions appears to be correlated to the observed 

changes in behavior. 

Immunohistochemical staining of GFAP also revealed increased astrocyte 

activation in the hippocampus and periventricular zone after surgery, as well as a 

trend towards an increase in cerebellum. Iba-1 staining did not reveal any 

significant changes between the groups (data not shown). Therefore, [11C]PK11195 

PET imaging appears to reflect activation of astrocytes more than 

microglia/macrophage activation. Astrocytes play a crucial role in brain functions 

like memory, and the maintenance of neurons. Some studies showed that increased 

spatial learning performance in rats is correlated to an increased number of 

astrocytes in the hippocampus [43,44]. Other studies indicate a role for astrocyte 

activation in the pathology of brain diseases (including cognitive decline) and 

suggest chronic astrogliosis to be a possible target for the treatment for these 

disorders [45–47]. Chronic astrocyte activation has already been demonstrated in a 

mouse model of POCD, more than 30 days after 70% hepatectomy [48].  

In this study, we also monitored glucose metabolism with [18F]FDG PET imaging, 

as this parameter has been shown to be changed in humans affected by cognitive 

decline [49,50] and could provide a link between neuroinflammation and behavior. 

Reductions in brain metabolism are often related to brain impairment, such as 

decreased motor activity or cognitive decline [51]. On the other hand, 

compensation mechanisms may occur that could lead to increased metabolism in 

other brain regions. In this study, [18F]FDG PET revealed regions with increased as 

well as with decreased glucose metabolism after surgery. The main effect of surgery 

was a decrease in [18F]FDG uptake in the cortex, mainly in the somatosensory and 

motor cortex, and to a lesser extent, in a part of striatum. Hypometabolism in the 

motor cortex is associated with altered motor behavior [49,52], which could be in 

line with the decrease in mobility observed in the open-field test. The striatum is 

involved in memory [53] and therefore hypometabolism in part of this brain region 

seems to be related to the memory impairment observed in the NLR tests. Some 

brain regions showed an increase in [18F]FDG uptake following surgery, including 

part of the pons, amygdala and motor cortex. The latter has a complex reaction to 

the surgery as in some parts of the motor cortex [18F]FDG uptake was increased 

while it was decreased in other parts. Unfortunately, the resolution of the PET 

camera does not allow a reliable discrimination of the individual parts of the motor 
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cortex involved, which hampers a more detailed interpretation of these results. The 

increased [18F]FDG uptake in the pons might be correlated to the decreased 

activity demonstrated in the open field test. In patients with neurodegenerative 

diseases, increased metabolism in the pons was also correlated with altered motor 

behavior [51]. The amygdala is involved in spatial memory impairment under 

stress [54], which is in agreement with the poor performance of the SC group in 

the NLR test. Increased metabolism in the amygdala has also been correlated to 

depressive symptoms [51] which can be caused by neuroinflammation [55]. In our 

study, however, not all brain regions in which neuroinflammation was detected 

(e.g. hippocampus and cerebellum) showed surgery-induced changes in glucose 

metabolism, which suggests that neuroinflammation and brain glucose metabolism 

are not directly connected. Possibly, overall changes in brain glucose metabolism 

might be more correlated to the surgery-induced behavioral changes than 

neuroinflammation.  

Several studies have shown that specific nutrients can affect neuroinflammation, 

brain activity and behavior. Therefore, we also investigated whether the effects of 

surgery observed in our model of POCD could be prevented or reversed by 

preoperative and postoperative intervention with investigational diet, respectively. 

Preoperative nutritional intervention reduced bodyweight loss and restored 

mobility, both indicators of faster recovery as a result of the dietary intervention. In 

contrast, postoperative nutritional intervention almost did not have an effect on 

brain glucose metabolism and behavior, whereas it even increased bodyweight loss. 

The latter might indicate that animals need time to adapt to a change in diet. We 

observed a similar drop in bodyweight for the SI-pre group, when the diet was 

changed on day -14 (data not shown). In this group, bodyweight normalized again 

within one week. Since surgery did not significantly affect memory parameters in 

this study, it is difficult to draw conclusions on the restorative effects of either diet 

on cognition. This parameter might need further investigation in a larger sample 

size study. 

Preoperative nutritional intervention not only beneficially affected bodyweight and 

mobility, but also partly prevented the effects of surgery on brain metabolism in the 

motor cortex. This observation is consistent with the normalization of mobility of 

the SI-pre group, as observed in the open-field test. Postoperative dietary 

intervention, on the other hand, did not reverse the surgery-induced changes in 

brain glucose metabolism. Overall, these data suggest that administration of the 
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investigational diet before the surgical intervention could partly reverse the effects 

of surgery on bodyweight, mobility and brain activity, whereas dietary treatment 

started immediately after surgery did not have an effect.  

When investigating the effect of dietary intervention with [11C]PK11195 PET, we 

observed a significant reduction in [11C]PK11195 metabolism as a result of surgery. 

This effect reduction of tracer metabolism was further enhanced by preoperative 

dietary intervention. [11C]PK11195 is metabolized in the liver. This suggests that 

liver enzymes are affected by both surgery and dietary intervention. Blood 

sampling during the PET scan followed by pharmacokinetic modelling of the PET 

data allowed us to correct for confounders, such as changed tracer metabolism. 

Despite the correction for tracer metabolism, [11C]PK11195 PET imaging could 

not detect any reversal of the effect of surgery on TSPO receptor density by the 

pre- or postoperative dietary intervention, suggesting that the beneficial effects of 

the diet were not due to direct inhibition of glial cell activation/macrophage 

infiltration.  

In contrast to [11C]PK11195 PET, GFAP staining showed that the postoperative 

dietary intervention completely reversed the effect of surgery on astrocyte 

activation in cerebellum and the periventricular zone, whereas the preoperative 

dietary intervention reversed the surgery-induced increase in GFAP staining only in 

the periventricular zone surrounding the lateral ventricles. No effects of dietary 

intervention on glucose metabolism were observed in these brain regions and 

consequently there does not seem to be a direct link between glial activation and 

local changes in brain glucose metabolism. Thus, diet-induced changes in brain 

glucose metabolism (brain activity) appear to be secondary effects resulting from 

changes in behavior, which seem to be caused by neuroinflammation.  

Our immunohistochemistry results are in line with other studies that showed 

reversal or prevention of cognitive decline and astrocyte activation by treatment 

with anti-inflammatory nutrients [56–59]. Still it remains to be determined whether 

it is beneficial to inhibit astrocyte activation in the acute phase, since astrocytes are 

important mediators of restoring homeostasis. On the other hand, chronic 

astrogliosis can become neurotoxic. The first week after surgery can still be 

considered the acute or early chronic phase of astrocyte activation, which is 

necessary for restoring homeostasis. It would therefore be of interest to investigate 

later time points after surgery as well in future studies in order to determine the 

potential effects of the dietary intervention on chronic astrogliosis. 



Chapter 6  

138 

Finally, it should be noted that the diet investigated in this study is a multi-nutrient 

supplementation. Therefore, it likely targets multiple pathways involved in 

cognitive decline following surgery. To identify the individual and possible 

synergistic effects of the nutrients in the investigational diet and which pathways are 

affected by each of the nutrients would require further research with single 

components or multiple combinations of nutrients. 

In conclusion, we showed a potential effect of a preventive intervention with a diet 

containing elevated amounts of specific anti-inflammatory nutrients on the 

recovery from abdominal surgery in rats. The beneficial effects mainly concerned 

changes in body weight, the metabolism of brain regions involved in motor activity 

and anxiety, and regulation of astrocyte activation in the cerebellum and the 

periventricular zone.  
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Investigational diet components 

compared to control diet (per kg diet) 
supplier 

Carbohydrates 

 dextrinized corn starch and sucrose 
substituted by: 

41.5 wt% maltodextrin (DE6) Roquette (Lestrem, France) 

15.0 wt% free galactose Inalco (Milan, Italy) 

42.5 wt% isomaltulose Beneo-Palatinit (Mannheim, Germany) 

1 wt% fructose Brenntag (Dordrecht, The Netherlands) 

Fibers 
 

2.8% cellulose substituted by: 

2% rice fiber RemyLiVe200 Beneo Orafti (Oreye, Belgium) 

0.72% GOS 
Friesland Campina (Amersfoort, The 

Netherlands) 

0.08% Beneo Raftiline HP FOS Beneo (Leuven, Belgium) 

Proteins 

 soy protein isolate 770LN substituted 

by: 

1:1 soy protein isolate 770LN Solae company (St. Louis, MO, USA) 

α -lac enhanced whey 
Arla Food ingredients (Wageningen, The 

Netherlands) 

addition of: 2.3 g tryptophan 

 
Lipids 

to obtain 0.53% DHA and 0.92% 

EPA, 

part of lipid fraction substituted by: 

27.5 g Nissui anchovy oil Nippon Suisan Kaisha (Tokyo, Japan) 

6.5 g Biopure DHA IF tuna oil 
Bioriginal (Den Bommel, The 

Netherlands) 

7.6 g soy lecithin Emulpur Cargill (Mechelen, Belgium) 

Vitamins 

 
extra vitamins (reaching 200 % value 

as compared to the control diet): 
vitamin A, B6, B12, D2, folic acid 
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Table 2 The main effects of the surgery and their modulation by the 

investigational diet. 
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Figure 1 Study design. Three experimental groups with a different dietary 

regimen were subjected to abdominal surgery at experimental day 0. The surgery 

control group (SC) was fed with the control diet for the whole experiment, the 

surgery group treated postoperative dietary intervention with the investigational 

diet (SI-postoperative) were fed with the investigational diet from the day after 

surgery (day 0) until the end of the experiment (day 7), and the surgery groups 

receiving preoperative treatment with the investigational diet (SI-pre) were fed with 

the investigational diet from two weeks before surgery (day -14) until the end of the 

experiment (day 7). The control group (CC) was not subjected to surgery or 

anesthesia. Behavioral tests (B) were performed on post-operative day 2 and 3, and 

PET scans were performed on post-operative day 4 ([18F]FDG) and day 7 

([11C]PK11195). 
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Figure 2 Changes in body weight following surgery. Body weight on each 

postoperative day is displayed as percentage of the body weight on the day of 

surgery (day 0). The surgery control group (SC) and the surgery group treated 

postoperatively with the investigational diet (SI-post) were significantly different 

from the control group (CC) at all time points after surgery (day 1-7). The surgery 

groups receiving pre- and postoperative preoperative treatment with the 

investigational diet (SI-pre) had significantly different body weight as compared to 

the controls at days 1-5, while at days 6 and 7 this difference was not statistically 

significant anymore. *p<0.05 for SC, SI-post and SI-pre when compared to CC 

(GEE model). 
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Figure 3 Behavioral tests. Open field; a scheme of the open field arena indicating 

the corners, side areas and central part (A), the time spent walking (B) and the time 

spent in the center of the open field (C). Novel object (NOR) and novel location 

recognition (NLR): the time (%) spent on the exploration of the left object during 

the exploration phase (D), the time (%) spent on exploration of the novel object (E), 

and the time (%) spent on exploration of the relocated object (F). CC=control 

group, SC=surgery + control diet, SI-post=surgery + postoperative dietary 

intervention SI-pre= surgery + preoperative dietary intervention p < 0.05, 

**p<0.01, ***p<0.001 
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Figure 4 Neuroinflammation on postoperative day 7: Neuroinflammation was 

assessed by comparing the binding potentials determined by [11C]PK11195 PET 

in: A cortex, B hippocampus and C cerebellum in groups subjected to the surgery 

and different dietary treatment, significant differences were observed, as compared 

to CC, as indicated with * (p < 0.05). CC=control group, SC=surgery + control 

diet, SI-post=surgery + postoperative dietary intervention SI-pre= surgery + 

preoperative dietary intervention. D An example of a transaxial, coronal and 

sagittal [11C]PK111195 PET image of the brain of a rat from SC group and its 

overlay with an MRI-based template with with selected regions for analysis, as 

indicated by different colours and the numbers: 1=cortex, 2=olfactory bulb, 

3=prefrontal cortex, 4=septum, 5=caudate putamen, 6=hippocampus, 

7=cerebellum, 8= corpus collosum, 9=amygdala, 10=thalamus, 11=hypothalamus, 

12=pons, 13=medulla. 
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Figure 5 Radioactive metabolites derived from [11C]PK11195 measured in 

plasma on postoperative day 7. Differences in tracer metabolism in rats subjected 

to the surgery and different dietary interventions as compared to CC were 

observed, as indicated by * (p < 0.05). Significant differences as compared to the 

SC group are indicated by # (p<0.05). CC=control group, SC=surgery + control 

diet, SI-post=surgery + postoperative dietary intervention SI-pre= surgery + 

preoperative dietary intervention. 
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Figure 6 Astrocyte activation: GFAP staining of astrocyte activation in: A 

hippocampus, B cerebellum, and C periventricular zone. Astrocyte activation is 

assessed by area coverage of GFAP staining in the region of interest. The data are 

displayed as percentage of CC. Statistically significant differences compared to CC 

are indicated by * (p < 0.05). Significant differences as compared to the SC group 

are indicated by # (p<0.05). CC=control group, SC=surgery + control diet, SI-

post=surgery + postoperative dietary intervention SI-pre= surgery + preoperative 

dietary intervention. 
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Figure 7 Brain metabolism on postoperative day 4: Sagittal, coronal and 

transverse projections of the brain regions with voxels representing a significant 

increase (A) or decrease (B) in [18F]FDG uptake in the brain of animals subjected 

to the surgery as compared to the control group. Only significant differences 

between the groups are displayed. CC=control group (n=8), SC=surgery + control 

diet (n=8). C an example of a transaxial and sagittal [18F]FDG PET image of the 

brain of a rat from SC group and its overlay with a region used for voxel-based 

analysis (representing the whole brain). 
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Supplementary information 

Table 1 Brain metabolism on postoperative day 4. Table shows the clusters with 

significantly increased (left) or decreased (right) [18F]FDG uptake in the brains of 

rats subjected to surgery as compared to the control animals or rat that underwent 

surgery and received dietary intervention as compared to rats that received surgery 

alone. The voxels are organized in clusters, which may be spread over (parts of) 

multiple brain regions. The peak of each cluster (coordinates with highest 

significant difference) is listed next to the cluster number. (on the next page) 
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Abstract 

Introduction: Stroke is a leading cause of death and disability worldwide. Since 

effective treatment options are limited, new therapeutic strategies for stroke are 

urgently needed. One of the possible targets for stroke management is modulation 

of neuroinflammation to salvage brain tissue at risk. Evidence suggests that food 

components may exert anti-inflammatory properties. Therefore, we investigated 

the effects of a diet, supplemented with multiple anti-inflammatory ingredients, on 

behavior, brain metabolism and astrogliosis in a model of focal ischemic brain 

damage. 

Methods: Focal lesions were induced in the somatosensory cortex of rats by 

photothrombotic stroke. Rats were fed a control diet or an investigational diet, 

starting either 2 weeks before or immediately after the induction of ischemia. Rats 

remained on the diet until termination (either 7 or 21 days post stroke). The effects 

of ischemia and the investigational diet on brain damage, neuroinflammation, 

brain glucose metabolism and motor function were assessed with 

immunohistochemistry, positron emission tomography (PET) and behavior tests. 

Results: The induction of ischemia caused transient lateral movement impairment 

on day 3, which was normalized on day 6 and 20. Photothrombotic stroke induced 

focal brain damage, surrounded by strong and persistent astrocyte activation. 

Stroke was accompanied by decreased glucose metabolism in the contralateral 

hemisphere on day 7, but not on day 21. The investigational diet applied two weeks 

before the induction of ischemia did not affect astrocyte activation on day 7, but it 

increased brain glucose metabolism in the ispilateral hemisphere. When the 

investigational diet was started immediately after the induction of ischemia, 

increased astrocyte activation was observed on day 7, while glucose metabolism was 

not affected. Both treatments with the investigational diet reduced astrocyte 

activation on day 21 after the induction of ischemia, but did not affect glucose 

metabolism. Lesion size was not significantly affected by the dietary intervention on 

day 7, but the post-ischemic dietary intervention prevented the lesion growth 

between day 7 and 21. 

Conclusion: This study reveals a potential beneficial effect of an investigational diet 

containing elevated amounts of specific anti-inflammatory nutrients on the 

recovery from ischemic brain damage. 
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1. Introduction 

Stroke occurs when the blood supply to part of brain is interrupted due to 

obstruction of a vessel by an embolism or thrombus (ischemic stroke) or due to 

rupture of a weak vessel (hemorrhagic stroke). Current treatments for ischemic 

stroke consist of thrombolysis with recombinant tissue plasminogen activator and 

mechanical thrombectomy. However, these treatments need to be applied shortly 

after the onset of stroke (therapeutic window within 4.5 and 6 h, respectively), 

which is often not possible [1]. Clearly, there is a need for additional treatments not 

only focusing on recovery and rehabilitation, but also on prevention, especially in 

the high-risk population.  

Several risk factors for stroke are potentially modifiable, like hypertension, cardiac 

disease, diabetes,  cigarette smoking, alcohol consumption, drug abuse, obesity, lack 

of physical activity and an unhealthy diet [2,3]. Evidence suggests an important 

role for diet in the prevention of stroke. For example, the Mediterranean-style diet, 

characterized by high consumption of vegetables, olive oil, fish, and moderate 

consumption of meat, milk, and wine, is associated with a lower incidence of stroke 

[4]. Several studies have demonstrated that consumption of fruit and vegetables 

[5], dietary fibers [6], multivitamins [7], the microelements magnesium and 

potassium [8] and cysteine [9] have the potential to reduce the risk of stroke. These 

data suggest that a proper diet could be a lifestyle intervention that may prevent 

stroke or ameliorate its consequences [10].  

Many of the food components with preventive effects for stroke onset in humans, 

such as omega-3 fatty acids docosahexaenoid acid (DHA), eicosapenaenoic acid 

(EPA); vitamins A and D, and fibers, have anti-inflammatory properties [11–15]. 

Some indirect evidence indeed suggests a positive impact of anti-inflammatory diet 

on the survival following a stroke [16]. A stroke-induced decrease in cerebral blood 

flow leads to the interruption of oxygen and glucose supply and disruption of ionic 

homeostasis. These events can trigger an inflammatory response and cause 

neuronal death [17]. The inflammatory response is characterized by activation of 

microglia and astrocytes that produce inflammatory mediators, such as cytokines, 

reactive oxygen species, chemokines, matrix metalloproteinases and adhesion 

molecules. Most of these mediators have an ambivalent role as they are involved in 

both neurotoxicity and neuroprotection [18].  
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Since inflammation is under investigation as one of the potential targets for new 

therapeutic approaches in stroke [19,20], we hypothesized that anti-inflammatory 

food components may have a preventive and possibly a therapeutic effect on stoke. 

In this study, we induced a photothrombotic stroke in rats [21–24] in order to 

investigate the effects of a diet containing elevated amounts of specific anti-

inflammatory nutrients on the recovery from unilateral cortical ischemia. Dietary 

intervention was started either two weeks before (prevention), or directly after the 

induction of ischemia (curative). In particular, we investigated whether dietary 

intervention is effective in reducing the lesion size by modulating astrocyte 

activation, since activated astrocytes are believed to play a protective role at the 

early stages of stroke [25], but may become detrimental if activation persists. 

Therefore, lesion size and astrocyte activation were measured post-mortem by 

immunohistochemistry at day 7 and 21 following ischemia. In addition, we 

investigated the functional parameters: brain metabolism and motor dysfunction. 

Changes in brain glucose metabolism, which may reflect brain damage, repair or 

compensatory mechanisms, were investigated non-invasively by positron emission 

tomography (PET), using 2’-[18F]fluoro-2’-deoxyglucose ([18F]FDG) as the tracer. 

Motor dysfunction was assessed with the cylinder test [26].  

 

2. Material and methods 

2.1 Experimental animals  

Animal experiments were performed in accordance with Dutch Regulations for 

Animal Welfare. All procedures were approved by the Institutional Animal Care 

and Use Committee of the University of Groningen (protocol DEC 6971A). 

Male outbred Sprague Dawley rats (10 weeks of age, n=48, 301.5±2.6 grams) were 

purchased from Harlan (Horst, The Netherlands) and housed in groups (2-6 

animals per cage) in thermo-regulated (21±2 °C) and humidity-controlled rooms 

under a 12-12 h light-dark cycle (lights on at 6 AM). Food and water were available 

ad libitum and paper rolls were used as cage enrichment. The rats were allowed to 

acclimatize for at least 7 days after arrival. All rats were fed with a standard 

laboratory chow (AIN93-G) from the time of arrival until the start of the 

experiment [27]. Rats were housed individually after surgery until the end of the 

experiment. 
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2.2 Diet 

Two diets were used in the study: a control diet (AIN93-G) and an investigational 

diet. Both diets were iso-caloric and were produced by Research Diet Services 

(Wijk bij Duurstede, The Netherlands). The composition of the investigational diet 

is listed in Table 1, and differed from the control diet, as it contains low-glycemic 

index carbohydrates and is supplemented with vitamins, specific dietary fibers and 

tryptophan. Furthermore, it has a lipid profile with a high docosahexaenoic acid 

(DHA) and eicosapentaenoic acid (EPA) content. The rationale to include these 

specific nutrients in the dietary intervention is that they have been demonstrated to 

possess anti-inflammatory properties, acting on diverse anti-inflammatory 

pathways. The chow was stored at -20 °C prior to use to prevent fatty acid 

oxidation. 

2.3 Study design 

The study design is depicted in figure 1. Rats were randomly divided in eight 

groups (n=6 per group). Rats were weighed daily. Photothrombotic stroke and 

sham-surgeries were performed on experimental day 0. Six groups were subjected 

to the chemical induction of focal cortical ischemia and to one of three different 

feeding protocols: SC7 and SC21: the stroke groups fed with control diet until 

termination on day 7 and 21 after stroke, respectively; SI-post7 and SI-post21: rats 

subjected to stroke followed by a post-ischemic dietary intervention fed with the 

investigational diet from the day of the ischemia induction (day 0) until the end of 

the experiment (day 7 and day 21, respectively); SI-pre7 and SI-pre21: rats subjected 

to stroke with pre-ischemic dietary intervention that were fed with the 

investigational diet from 2 weeks before ischemia (day -14) until the end of the 

experiment (day 7 and day 21, respectively); CC7 and CC21: control groups 

subjected to sham-surgery fed with the control diet during the entire experiment 

(until day 7 and 21 after sham-surgery, respectively). 

Motor dysfunction was assessed with the cylinder test. The baseline cylinder test 

was performed in all groups 8 days before the surgery (day -8). Motor deficits 

following ischemia or sham-surgery were assessed on experimental days 3 and 6 

(for groups CC7, SC7, SI-post7 and SI-pre7) or on experimental days 6 and 20 (for 

groups CC21, SC21, SI-post21 and SI-pre21). [18F]FDG PET imaging of brain 

glucose metabolism was performed in all animals 7 days before the ischemia 

induction or sham-surgery (day -7). In addition, half of the animals were scanned 
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on experimental day 7 (groups CC7, SC7, SI-post7 and SI-pre7) and the other half of 

the animals on the experimental day 21 (groups CC21, SC21, SI-post21 and SI-pre21). 

After the PET scans on either day 7 or 21, the rats were sacrificed and the brains 

were collected for immunohistochemistry. 

Due to complications with anesthesia two rats did not survive the surgery on day 0 

(from the CC21 group), and two rats did not survive the [18F]FDG PET scan on day 

21 (from the SC21 and SI-post21 groups). 

2.4 Stroke induction and sham surgery 

Focal ischemic cortical lesions were induced by photothrombotic stroke using the 

protocol described previously [22]. Briefly, rats were anesthetized with a mixture of 

ketamine (Ketalar®, 60 mg/kg; Pfizer, Brussels, Belgium) and medetomidine 

(Domitor®, 0.4 mg/kg intraperitoneal; Brussels, Belgium, Pfizer). The body 

temperature of the animals was maintained with heating pads; eye salve was 

applied onto the eyes to prevent dehydration. The skull was exposed by a lateral 

incision of the skin. After intravenous injection of the photosensitizer Rose Bengal 

(20 mg/kg; Sigma-Aldrich, St. Louis, MO), an area of the exposed intact skull was 

irradiated for 20 min with green light (wavelength 540 nm, bandwidth 80 nm) from 

a xenon lamp (model L-4887; Hamamatsu Photonics, Hamamatsu City, Japan) 

with heat-absorbing green filters. The radiation with an intensity of 0.68 W/cm2 

was directed with a 3-mm optical fiber placed on the skull above the right 

sensorimotor cortex next to Bregma. Light-induced oxidation of the photosensitizer 

causes endothelial damage, platelet activation, and consequently vascular occlusion 

(Carmichael 2005). At the end of surgery, anesthesia was reversed with atipamezol 

(Antisedan®, 1 mg/kg intraperitoneal; Orion Pharma, New- bury, UK). Finadyne 

(1 mg/kg) was given prior to and 24 h after surgery in order to reduce pain. In 

addition, before surgery, 100 µL of xylocaine with 2% adrenaline was applied 

locally on the skin incision as a local anesthetic and to reduce bleeding. For sham-

surgery, the same procedure was performed, except for the application of radiation 

on the skull. After stroke induction or sham-surgery, rats were housed individually 

until the end of the experiment. 

2.5 Cylinder test 

Motor dysfunction was assessed during the light phase and recorded on video for 

further analysis. The cylinder test (asymmetric paw use test) was used to quantify 
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forelimb use as described previously [26]. Briefly, rats were placed in a 20-cm wide 

clear glass cylinder located in front of two mirrors to facilitate the observation of the 

behavior from each side. A total of 20 contacts with the cylinder wall by each 

forepaw were scored from the video by a blinded observer. The number of 

contralateral forelimb (left forelimb) contacts was expressed as a percentage of total 

forelimb contacts. Normal control rats should score 50% in this test [28]. 

2.6 PET imaging 

[18F]FDG PET scans were performed using a dedicated small animal PET scanner 

(Focus 220, Siemens Medical Solutions USA, Malvern, PA). The body temperature 

of the rats was maintained with heating pads, eye salve was applied onto the eyes to 

prevent dehydration, and heart rate and blood oxygen levels were monitored with a 

BioVet system (M2M Imaging, Cleveland, OH). Two rats from different 

experimental groups were scanned simultaneously in each scanning session. 

First, the rats were anesthetized with isoflurane mixed with oxygen (5% induction 

and 2% maintenance, 0.8 L/min) and a cannula was inserted into the tail vein to 

allow the injection of [18F]FDG. Next, the rats were positioned in the camera in a 

transaxial position with their heads in the center of the field of view. Before each 

PET acquisition, a transmission scan of 10 min with a 57Co point source was 

performed and used during image reconstruction to correct for attenuation, scatter 

and random coincidences. Next, 18±7 MBq [18F]FDG was injected with a pump 

over a period of 1 min and a 60-min PET scan was started. There were no 

statistically significant differences in the injected tracer dose between the groups 

(F(7, 39)=0.208, p=0.98). After the baseline scan (day -7), rats were allowed to 

recover in their home cages. After the scans on day 7 and 21, rats were sacrificed 

and tissue samples were collected.  

2.8 PET image reconstruction and analysis 

List-mode data from the 60-min [18F]FDG emission scan was reconstructed into 3 

frames (2400 s, 2x600 s). Emission sinograms were normalized and corrected for 

attenuation and decay of radioactivity and iteratively reconstructed using 

OSEM2D (4 iterations and 16 subsets) [29]. [Hudson 1994].  

A 10-min frame of the [18F]FDG PET scan, starting 50 min post injection, was 

used to explore the differences in brain glucose metabolism between the groups. 
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The images were automatically co-registered with a tracer-specific template [30], 

using Vinci 4.26 software (Max Planck Institute for Neurological Research, 

Cologne, Germany). Standardized uptake values (SUV) of the tracer in the brain 

were calculated as follows: [tissue activity concentration (MBq/ml) x bodyweight 

(g)] / [injected dose (MBq) x brain tissue density (g/ml)]. It is assumed that the 

brain tissue density is 1 g/ml. Data was analyzed voxel-wise using SPM12 

(Statistical Parametric Mapping, Wellcome Trust Centre for Neuroimaging, 

London, UK) and the SAMIT1.2 toolbox [30]. Voxel-based SPM analysis allows 

analysis of the data without a prior knowledge or predefined anatomical regions 

[31]. PET images were smoothed with a 1.2 mm isotropic Gaussian kernel and 

analyzed with a two samples t–test design. Groups were compared separately for 

each time point to investigate the effects of stroke induction (CC vs. SC) and 

investigational diet (SC vs. SI-post and SC vs. SI-pre). [18F]FDG PET results from 

voxel-based analysis are presented as T-maps. For statistical analysis, T-maps were 

interrogated at a peak voxel level of p<0.005 (uncorrected) and a minimum cluster 

size threshold of 200 voxels. Only clusters with p<0.05 corrected for family-wise 

error were considered statistically significant. 

2.9 Immunohistochemistry 

After the PET scan on day 7 and 21, the rats were sacrificed under deep isoflurane 

anesthesia (5%) by transcardiac perfusion with saline. Brains were dissected and 

fixed by immersion in 4% paraformaldehyde for 24 h at room temperature, 

followed by cryopreservation in 30% sucrose in phosphate-buffered saline (PBS) for 

24 h. Brains were stored at -80 °C until further processing. Next, brains were cut in 

a cryostat into 10 µm thick sagittal sections, which were placed onto adhesive 

microscope slides and stored at -20 °C until further analysis.  

For the analysis of astrocytes, 10 µm brain sections were blocked with 5% bovine 

serum albumin (BSA, Sigma Aldrich) in PBS for 30 min at room temperature. As 

primary antibody for astrocytes, mouse anti-Glial Fibrillary Acidic Protein (GFAP) 

(Sigma Aldrich, G3893) was applied overnight (~16 h) in a 1:400 dilution in PBS 

containing 1% BSA at 4C. Next, the sections were washed 3 times with PBS and 

the secondary antibody, anti-mouse Cy3 (Life Technologies), in a 1:1000 dilution in 

PBS containing 1% BSA was applied for 1 h. The sections were washed 3 times 

with PBS and the slides were covered with quick-hardening mounting medium 

(Eukitt, Sigma Aldrich) and a microscope coverslip. The sections were analyzed 
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with a TissueFAXS system (Tissue Gnostics) and digital images from areas of 

interest were acquired. Regions of interest were identified based on a stereotaxic 

atlas [32] (Paxinos and Watson, 2005). 

The images were scored by an independent observer, who was blinded to the 

treatment of the animals (images were coded by numbers without any indication of 

the group). Morphology of GFAP-stained cells was determined in randomly 

selected 0.0432 mm2 sections of 3-5 brain slices per rat using ImageJ software 

(NIH, United States). The area surrounding the infarct (located 350 m form the 

lesion) and contralateral side were analyzed by integrated density to assess the 

surface covered by the staining. For data analysis and illustration of the results, the 

colors on the white/black images have been inverted (white background). 

2.10 Statistical analysis 

The statistical analysis of bodyweight, behavior and immunohistochemistry data 

was performed using IBM SPSS software Statistics 22 (SPSS Inc., United States). 

Results are presented as mean ± standard error of the mean (SEM). Differences in 

bodyweight between groups at the start of the experiment were analyzed by one-

way ANOVA. Bodyweight changes following ischemia induction or sham-surgery 

were analyzed for differences between time points and between groups with the 

generalized estimating equations (GEE) model with a Bonferroni post-hoc 

correction to account for multiple comparisons [33,34]. The exchangeable 

correlation matrix and the Wald test were used to calculate p-values. Results from 

the behavioral test and immunohistochemistry were analyzed with one-way 

ANOVA followed by Bonferroni post-hoc correction to account for multiple 

comparisons. Differences were considered statistically significant when p<0.05.  

 

3. Results 

3.1 Bodyweight 

Figure 2 shows the evolution of bodyweight during the experiment for the groups 

that were sacrificed at day 21. The average bodyweight on day 0 (i.e. before 

ischemia induction or sham-surgery) was 301.5±2.6 g and was not statistically 

different between groups (F(3)=2.000, p=0.112), indicating that the diet by itself did 
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not affect bodyweight. In all groups, a decrease in bodyweight was observed shortly 

after ischemia induction or sham surgery. This bodyweight loss was accompanied 

with a tendency towards lower food intake (supplementary data, figure 1). Food 

intake was not significantly different between the groups. The drop in bodyweight 

after surgery was larger in the group that switched to the investigational diet 

immediately after induction of ischemia and bodyweight in this group did not 

recover to normal before the end of the experiment. The SI-post21 group therefore 

had a significantly lower bodyweight than all other groups (CC21, SC21, SI-pre21; 

p<0.05) at all time points between stroke induction and termination (day 1-21).  

These findings indicate that (I) body weight was affected by the surgery itself, not 

the stroke induction; (II) when the investigational diet was started before ischemia, 

it did not affect post-ischemic body weight; (III) a dietary switch immediately after 

ischemia induction caused a stronger reduction in bodyweight, which did not 

normalize before the end of the experiment. 

3.2 Infarct size 

At day 7 and 21 after ischemia induction, the infarct size was assessed on the 

isolated brains by measuring the length (alongside with Bregma) and width 

(perpendicular to Bregma) of the visible scar. As depicted in figure 3, no significant 

differences between the groups subjected to focal ischemia were observed on day 7 

(F(2)=0.043, p=0.958) or 21 (F(2)=1.006, p=0.39). Although the scar tended to be 

somewhat smaller in the SI-post21 group, no statistical significance was reached due 

to the large between-subject variation (t test: SC21: 5.82±1.78 mm vs. SI-post21: 

3.83±0.59 mm, p=0.94; SC21 vs. SI-pre21:6.29±1.25 mm, p=0.86). 

When we compared the change in average lesion size between day 7 and 21, the 

lesions in groups SC and SI-pre had increased in this period by about 25% (25,8% 

and 24,8%, respectively). In contrast, the average lesion size in SI-post group had 

decreased by 14.8% between day 7 and 21. However, it is important to note that 

the lesion size on day 7 and 21 was performed on different animals. 

3.3 Astrocyte activation 

GFAP staining was performed in order to assess the effects of ischemia on 

astrocytes activation surrounding the lesion (SC vs. CC) and the effect of the 

investigational diet thereon (SC vs. SI-post and SC vs. SI-pre). GFAP staining 
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demonstrated significant differences between the groups in astrocyte activation 

close to the lesion site (350 m, F(3)=30.84, p<0.0001, fig 4 A and B), with  a 

significant increase of GFAP staining in ischemia-induced animals as compared to 

sham-surgery controls, both on days 7 (SC7 2.5±0.13, CC7 1.0±0.17, p<0.001) and 

on day 21 (SC21 1.94±0.20, CC21 1.00±0.08, p<0.0001). Further away from the 

lesion site (700 µm) no significant differences in GFAP staining between the sham-

surgery group (CC7) and the ischemia group on the control diet (SC7) were 

observed anymore, neither on day 7 nor on day 21 (data not shown).  

At day 7, the investigational diet did not have any significant effect on the ischemia-

induced activation of astrocytes close to the lesion site, as no significant differences 

in activated astrocytes were observed for the groups treated with the investigational 

diet (SI-pre7: 3.03±0.13, p=0.39 and SI-post7: 2.07±0.23, p=0.06) when compared 

to ischemia controls (SC7). On day 21, the post-ischemic dietary intervention had 

completely reversed the effect of ischemia on GFAP staining (SI-post21: 0.97±0.04, 

SI-post21 vs. SC21 p<0.0001, SI-post21 vs. CC21 p=0.86). The pre-ischemic dietary 

intervention only caused a partial reversal of the astrocyte activation on day 21 (SI-

pre21: 1.54±0.06, SI-pre21 vs. SC21 p<0.05, SI-pre21 vs. CC21 p<0.05). Thus, post-

ischemic dietary intervention was significantly more potent than pre-ischemic 

dietary intervention in inhibiting the astrocyte activation on day 21 (SI-post21 vs. 

SI-pre21: p<0.05).  

3.4 Brain metabolism 

Brain glucose metabolism was investigated with [18F]FDG PET imaging at baseline 

(day -7) and either on day 7 (groups CC7, SC7, SI-post7, SI-pre7) or day 21 after 

surgery (groups CC21, SC21, SI-post21, SI-pre21). The first objective was to 

investigate whether stroke induction can induce detectable changes in glucose 

metabolism (SC vs. CC) and the second objective was to assess the impact of the 

dietary intervention on glucose metabolism following stroke induction (SC vs. SI-

post and SC vs. SI-pre). 

[18F]FDG PET imaging demonstrated significant differences in brain metabolism 

between the groups on day 7 (figure 5), but not anymore on day 21. Voxel-wise 

comparison of the PET images allowed determination of brain regions (clusters of 

voxels) with a significantly changed brain metabolism between the groups without 

any a-priori assumptions. The induction of ischemia did not significantly affect 

glucose metabolism at the lesion site, but caused a significant decrease in brain 
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metabolism in one big cluster in the hemisphere contralateral to the lesion site (SC7 

vs. CC7; cluster peak at Paxinos coordinates 4.5 mm 0.8 mm -2.6 mm). The 

contralateral decrease in glucose metabolism was mainly observed in the 

somatosensory cortex and small parts of the insula, motor cortex, caudate putamen 

and corpus callosum.  

Post-ischemic dietary intervention did not reverse the stroke-induced 

hypometabolism in the contra-lateral hemisphere (SC7 vs. SI-post7), nor did it affect 

brain glucose metabolism in any other brain region. On the other hand, pre-

ischemic dietary intervention increased [18F]FDG uptake in the ipsilateral 

hemisphere of stroke animals (SC7 vs. SI-pre7), in particular in part of the 

somatosensory cortex, thalamus and small parts of the hippocampus, visual cortex, 

motor cortex, and corpus callosum (cluster with a peak at Paxinos coordinates 2.1 

mm -3.6 mm -3.4 mm). Increased glucose metabolism was also observed in 

cerebellum and medulla (cluster of voxels with a peak at Paxinos coordinates 1.9 

mm –11.0 mm -6.2 mm). Medulla was the only region equally affected in both 

hemispheres (regions and voxels are listed in table 2 in the supplementary data). 

Pre-ischemic dietary intervention did not significantly reverse the stroke-induced 

hypometabolism observed in the contralateral hemisphere. 

Interestingly, the diet by itself also had an effect on brain glucose metabolism. 

Comparison of the baseline scan between all animals subjected to the 

investigational diet 2 weeks before the induction of ischemia (SI-pre7 and SI-pre21) 

with all animals fed with control diet before the baseline scan (CC7, CC21, SC7, 

SC21, SI-post7 and SI-post21) revealed that the investigational diet significantly 

reduced brain glucose metabolism in healthy animals (supplementary data, figure 

2), in particular in part of the cortex, amygdala, caudate putamen, corpus callosum 

and cerebellum. 

Thus both stroke and the diet affected brain glucose metabolism beyond the site of 

the ischemic lesion. 

3.5 Cylinder test  

To investigate the impact of ischemia and the investigational diet on asymmetric 

paw use, the cylinder test was performed (figure 6). Baseline measurements on day 

8 before the surgery did not reveal any preference for the left or right paw and 

consequently no significant differences between groups (F(3)=0.085, p=0.97). The 
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cylinder tests on day 3 post surgery demonstrated significant changes in the 

preferences for the paw contralateral to the lesion (F(3)=8.746, p<0.01), as stroke 

caused a significant reduction in use of the contralateral paw on day 3 (CC7 

60.8±2.7%, SC7 35.0±4.1%, p<0.01). All animals were also subjected to the 

cylinder tests on day 6 and 21. Only a trend towards a reduced preference to use 

the contralateral paw was still observed on day 6 (F(3)=2.606, p=0.067), whereas 

paw preference was completely absent on day 20 (F(3)=0.303, p=0.82). 

The investigational diet did not have any effect on stroke-induce asymmetric paw 

use, as no statistical differences in the cylinder test between dietary regimens were 

observed 3 days after ischemia induction (SC7 35.0±4.1%, SI-post7 35.0±5.3%, SI-

pre 32.5±5.4).  

Thus, photothrombotic stroke did induce transient motor dysfunction on day 3 

following ischemia, which was virtually resolved at day 6. However, dietary 

intervention could not prevent or reverse this symptom. 

 

4. Discussion 

The aim of this study was to assess the potential of a dietary intervention to 

moderate neuroinflammation and other effects of focal cortical ischemia in a rat 

model of photothrombotic stroke. Photothrombotic stroke is a minimally invasive, 

reproducible method to create a chemically-induced cortical lesion [35]. The 

severity of the model is relatively low and can be modulated by changing the 

duration of irradiation. In our study, photothrombotic stroke with mild severity was 

chosen, because dietary intervention was expected to have subtle effects on the 

recovery from stroke. These therapeutic effects may remain obscured in a severe 

stroke model.  

We observed that both induction of ischemia and sham-surgery caused up to 10% 

decrease in bodyweight. This suggests that not the ischemic lesion itself, but the 

whole surgical procedure caused a transient decrease in bodyweight. This effect of 

surgery could be ascribed to a reduction in food intake during and early after 

surgery (Supplemental figure 1). The fact that ischemia did not cause any further 

decrease in bodyweight is in agreement with the low severity of this stroke model.  
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All animals subjected to photothrombotic ischemia in this study developed scar 

tissue at the ischemic site and a robust activation of astrocytes around the lesion, as 

was measured with tissue staining of GFAP expression. These characteristics are 

consistent with the previous studies on this model [35]. The neuroinflammatory 

response following photothrombotic stroke has been extensively studied [21]. 

Cortical ischemia causes robust tissue damage which is transformed into scar tissue 

at later stages (within 4 weeks). Massive astrocyte activation in the area surrounding 

the lesion occurs within hours following stroke onset. Astrocytes contribute to the 

formation of a glial scar around the lesion. Although a scar can be a barrier 

preventing innervation of the region, there is also evidence supporting its beneficial 

role for recovery, as isolating the lesion site can help to prevent further brain 

damage.  

To gain more insight into the effects of stroke on brain function, we applied 

[18F]FDG PET imaging to investigate the effect of cortical ischemia on brain 

metabolism. [18F]FDG PET has already been successfully used in animal studies on 

brain damage following chemically induced cortical ischemia [36] and in stroke 

patients [37]. The objective of this measurement was to investigate (I) 

hypometabolism resulting from brain damage, and (II) hypermetabolism which 

may result from increased neuronal activity in the parts of the brain not subjected 

to the damage as a mechanism to compensate for loss of function due to the lesion 

or (III) hypermetabolism due to strong activation of immune cells involved in brain 

damage repair. In our study, each animal was subjected to two PET scans: a 

baseline scan and a scan at either day 7 or day 21 following ischemia induction or 

sham-surgery. However, PET imaging at either post-surgery time point did not 

detect any hypometabolic lesion at the location of the photothrombotic stroke. This 

lack of sensitivity could be due to the limited resolution of the PET camera (ca. 1.7 

mm at 5 cm from the center of the field-of-view), which is in the same range as the 

size of the lesion, resulting in significant partial volume effects. In addition, the 

location of the lesion might be slightly different between animals and consequently 

the effect of the small lesion on brain glucose metabolism will be averaged out over 

a larger region when group comparisons are made.  [18F]FDG PET on day 21 did 

not reveal any other significant differences in glucose metabolism between groups 

either. On day 7, on the other hand, [18F]FDG PET revealed a reduction in 

glucose metabolism in the hemisphere contralateral to the lesion. At present it is 

not clear what could have caused this effect, but it might be related to a general 

reduction in brain activity due to stroke-induced inactivity. 
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Additionally, we measured the effect of brain damage on motor function with the 

cylinder test. We found that introduction of ischemia, but not sham-surgery, led to 

transient lateral motor dysfunction. Since the severity of the model is relatively low, 

lateral motor dysfunction was observed only on day 3 after ischemia induction. 

Motor function had normalized again on day 6 and 20. This is consistent with 

previous studies demonstrating lateral motor dysfunction shortly after ischemia [26] 

and suggests that the function of the affected area was quickly restored, possibly as 

a result of compensation by other brain regions. 

The main objective of this study was to investigate the effects of an investigational 

diet on symptoms observed following photothrombotic cortical ischemia. The diet 

investigated in this study was designed to target neuroinflammation, as it contains 

elevated amounts of components, such as vitamins A and D, omega-3 fatty acids 

and specific amino acids (tryptophan), which all have been described to exert anti-

inflammatory effects on immune cells in vitro and in vivo [11,12,38,39]. The 

indigestible galacto-oligosaccharides and fructo-oligosaccharides have been 

included in the investigational diet, because they have been shown to modulate the 

immune system via alteration of gut microbiota and by direct interaction with 

peripheral immune cells and thus could have an indirect effect on 

neuroinflammation via the gut-immune-brain axis [15]. 

Bodyweight loss caused by the surgery (both sham and to induce stroke) was 

adversely affected by the post-ischemic intervention with the investigational diet, 

which aggravated the loss in bodyweight. This observation, however, is likely not a 

cause a pharmacological effect of the ingredient, may be explained by the change 

of diet early after surgery in this particular group. Apparently, the animals need 

some time to get used to the new diet, as they hardly consumed any food on the 

first 2 days after the change of diet (Supplemental figure 1). We observed a similar 

effect of transient (1-2 days) decrease in food intake in the healthy animals subjected 

to a change from the control diet to the investigational diet in previous studies 

(unpublished data).  

When assessing the effect of the diet on the size of the cortical lesion, we did not 

observe any between animals subjected to different dietary regimens at day 7. This 

can be explained by the fact that the diet does not interfere with the mechanisms of 

induction of the stroke (activation of photosensitive Rose Bengal and the transient 

blockage of blood supply). The diet is designed to affect neuroinflammatory 

response following brain ischemia, and therefore aimed to inhibit the further tissue 
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damage and facilitate tissue recovery. We observed that the lesion size in the 

ischemic rats on control diet increased with 25.8% between day 7 and day 21. A 

similar increase was observed in the pre-ischemic dietary intervention group 

(+24.8%), indicating that this dietary regimen could not prevent the growth in 

lesion size. In contrast, the group subjected to post-ischemic dietary intervention 

did not show any increase in lesion size in this time period, but rather a caused 

reduction in size (-14.8%), suggesting this intervention has therapeutic efficacy.  

When investigating the effect of the dietary intervention on the neuroinflammatory 

response in the tissue surrounding the brain ischemic damage, we observed that the 

robust increase in astrocyte activation 7 days after ischemia induction was further 

increased by the investigational diet when started immediately after ischemia, but 

the concentration of activated astrocytes was not changed when the investigational 

diet was started two weeks before the ischemia. On day 21, however, the post-

ischemic dietary intervention caused complete reversal of the ischemia-induced 

astrocyte activation to control levels, while the pre-ischemic dietary intervention 

started 2 weeks before ischemia caused only partial reversal of the astrocyte 

activation in the area close to the lesion. Astrocytes are believed to act as double-

edged sword, by being involved in both neurotoxic and neuroprotective 

mechanisms [40]. It is believed that the early response of astrocytes has a positive 

impact on recovery from stroke, while astrogliosis is detrimental for regeneration of 

the brain in later stages [25]. This would be in agreement with our data on the 

post-ischemic dietary intervention. The enhancement of the beneficial effect of 

astrocyte activation in the early response to stroke and complete inhibition of 

detrimental effect at a later stage, could explain why the lesion did not grow any 

larger in this particular group. 

We considered the fact that the beneficial effects of the post-ischemic dietary 

intervention might be due caloric restriction, since switching the diet after surgery 

caused a significant decrease in body weight as a result of reduced food intake. 

Previous studies have demonstrated that caloric restriction might inhibit the age-

related activation of astrocytes [41]. However, this effect of caloric restriction on 

astrocyte activation was observed only after a long caloric restriction period (24 

months). Since the reduction in food intake in this study only lasted for 1 -2 days, it 

seems plausible that the effect observed in this study is caused by the anti-

inflammatory components of the dietary intervention rather than by a temporary 

reduction in caloric intake due to the change of the diet. 
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Investigation of the effects of the investigational diet on brain glucose metabolism 

following cortical ischemia by [18F]FDG PET revealed that post-ischemic dietary 

intervention did not cause any detectable effect on day 7. The pre-ischemic dietary 

intervention, on the other hand, caused hypermetabolism in the area of the lesion. 

The increased glucose metabolism in the area of somatosensory cortex and 

adjacent areas could reflect increased metabolism in cells repairing the ischemia-

induced damage in this area, as supported by the enhance astrocyte activation 

observed by GFAP staining [42]. The increased glucose metabolism in the 

thalamus could be caused by the fact that this region controls the processing of 

somatosensory cortex [43]. Hypermetabolism in the SI-pre7 group on day 7 was 

also observed in medulla in both hemispheres and in right cerebellum. The latter 

could be explained by a compensation mechanism to damage in the motor cortex, 

since cerebellum is involved in motor function [44], although there is no evidence 

so far that the cerebellum indeed compensates for motor cortex dysfunction. 

Therefore, this observation requires further investigation. 

The cylinder tests that was used in this study for assessment of changes in motor 

function was not sensitive enough to detect any effects of the intervention after a 

mild stroke. We did not detect beneficial effects of the investigational diet on the 

motor dysfunction observed on day 3, probably because the diets did not exert any 

beneficial effects this shortly after stroke yet. This is in line with the absence of any 

effect of the diet on lesion size on day 7. At later time points, the effect of the diet 

on ischemia-induced motor dysfunction could not be assessed anymore as motor 

function was already restored to normal.  

In conclusion, we showed potential beneficial effects of a post-ischemic intervention 

with an investigational diet containing elevated amounts of specific anti-

inflammatory nutrients on chemically-induced cortical ischemia in rats. The 

beneficial effects mainly concerned modulation of astrocyte activation around the 

lesion, resulting in a reduction in the expansion of the lesion. This dietary regimen, 

however, did not significantly affect brain glucose metabolism. In contrast, pre-

ischemic dietary intervention did change glucose metabolism in brain regions 

surrounding the lesion site and regions contralateral to the lesion, but was less 

effective in modulating astrocyte activation and could not prevent the increase of 

the lesion size. Taken together, these results warrant further investigation of post-

ischemic dietary intervention as new therapeutic option for stroke. 
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Table 1 The composition of the investigational diet (on the next page) 
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Investigational diet components 
compared to control diet (per kg diet) 

supplier 

Carbohydrates 

 dextrinized corn starch and sucrose 

substituted by: 

41.5 wt% maltodextrin (DE6) Roquette (Lestrem, France) 

15.0 wt% free galactose Inalco (Milan, Italy) 

42.5 wt% isomaltulose Beneo-Palatinit (Mannheim, Germany) 

1 wt% fructose Brenntag (Dordrecht, The Netherlands) 

Fibers 
 

2.8% cellulose substituted by: 

2% rice fiber RemyLiVe200 Beneo Orafti (Oreye, Belgium) 

0.72% GOS 
Friesland Campina (Amersfoort, The 

Netherlands) 

0.08% Beneo Raftiline HP FOS Beneo (Leuven, Belgium) 

Proteins 

 soy protein isolate 770LN substituted 

by: 

1:1 soy protein isolate 770LN Solae company (St. Louis, MO, USA) 

α -lac enhanced whey 
Arla Food ingredients (Wageningen, The 

Netherlands) 

addition of: 2.3 g tryptophan 

 

Lipids 

to obtain 0.53% DHA and 0.92% 

EPA, 

part of lipid fraction substituted by: 

27.5 g Nissui anchovy oil Nippon Suisan Kaisha (Tokyo, Japan) 

6.5 g Biopure DHA IF tuna oil 
Bioriginal (Den Bommel, The 

Netherlands) 

7.6 g soy lecithin Emulpur Cargill (Mechelen, Belgium) 

Vitamins 

 
extra vitamins (reaching 200 % value 

as compared to the control diet): 

vitamin A, B6, B12, D2, folic acid 
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Table 2 The main effects of ischemia and its modulation by the investigational 

diet. 
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Figure 1 Study design. Eight experimental groups with three different dietary 

regimens were subjected to focal cortical ischemia or sham-surgery at experimental 

day 0 and sacrificed on day 7 (short protocol, A) or day 21 (long protocol, B). The 

stroke control groups (SC7 and SC21) were fed with the control diet for the whole 

experiment; the stroke groups receiving pre-ischemic treatment with the 

investigational diet (SI-post7 and SI-pre21) were fed with the investigational diet 

from the day of the ischemia (day 0) until the end of the experiment (day 7 or 21, 

respectively); and the stroke groups receiving pre-ischemic treatment with the 

investigational diet (SI-pre7 and SI-pre21) were fed with the investigational diet from 

two weeks before ischemia (day -14) until the end of the experiment (day 7 or 21, 

respectively). The control groups (CC7 and CC21) were subjected to sham surgery at 

day 0 and fed with the control diet for the whole experiment. Behavioral tests were 

performed 8 days before (day -8, baseline) and 3, 6 and 21 days after ischemia or 

sham-surgery. PET scans were performed 7 days before (day -7, baseline) stroke 

induction or sham-surgery and on day 7 (groups CC7, SC7, SI-post7 and SI-pre7) or 

21 (groups CC21, SC21, SI-post21 and SI-pre21) after stroke or sham-surgery. (on the 

next page) 
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Figure 2 Changes in body weight in animals sacrificed on day 21 after ischemia 

induction or sham-surgery. Body weight is displayed as percentage of the body 

weight on the day of ischemia induction or sham-surgery (day 0). CC21=control 

group (n=4), SC21=stroke + control diet (n=5), SI-post21=stroke + post-ischemic 

dietary intervention (n=5), SI-pre21= stroke + pre-ischemic dietary intervention 

(n=6). The body weight of the stroke group treated with the investigational diet 

after stroke induction (SI-post21) was significantly lower than all the other groups 

(CC21, SC21, SI-pre21) at all time points after stroke induction (day 1-21). No 

significant differences between the CC21, SC21 and SI-pre21 groups were observed. 

*p<0.05 for SI-post21, when compared to CC21, SC21, SI-pre21 (GEE model). 
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Figure 3 Infarct size on day 7 and 21 after focal ischemia induction. The infarct 

size was assessed on the isolated brains by measuring the length (alongside Bregma) 

and width (perpendicularly to Bregma) of the visible scar. Data are displayed as 

length*width in millimeters. SC7, SC21=stroke + control diet (n=6, n=5), SI-post7, 

SI-post21=stroke + post-ischemic dietary intervention (n=6, n=5), SI-pre7, SI-

pre21= stroke + pre-ischemic dietary intervention (n=6, n=6). 
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Figure 4 Astrocyte activation. An example of GFAP staining in the cortex 

surrounding the stroke lesion on day 7 (A) and day 21 (B). Quantification of GFAP 

staining of astrocyte activation 350 m from the lesion for groups sacrificed on day 

7 (C) and day 21 (D). Astrocyte activation was assessed by the area covered by 

GFAP staining in the region of interest. The data are displayed as the ratio between 

the lesion and the contralateral hemisphere, normalized to the values of the 

corresponding control group (CC7 or CC21). CC7, CC21=control group (n=6, n=4), 

SC7, SC21=stroke + control diet (n=6, n=5), SI-post7, SI-post21=stroke + post-

ischemic dietary intervention (n=6, n=5), SI-pre7, SI-pre21= stroke + pre-ischemic 

dietary intervention (n=6, n=6). Statistically significant differences are indicated as 

* p<0.05, ** p<0.01, *** p<0.001.  
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Figure 5 Differences in brain metabolism caused by ischemia and by the 

investigational diet in animals sacrificed on day 7. (A): Sagittal, coronal and 

transverse projections of the brain regions with voxels representing a significant 

decrease in [18F]FDG uptake in animals from SC7 group as compared to the 

control animals (B), a difference in  [18F]FDG uptake in animals from SI-post7 

group as compared to the SC7 group and (C) an increase in [18F]FDG uptake in 

animals from SI-pre7 group as compared to the SC7. Letters R and L indicate right 

(the side of ischemia) and left (contralateral to ischemia) hemisphere. CC7=control 

group (n=6), SC7=stroke + control diet (n=6), SI-post7=stroke + post-ischemic 

dietary intervention (n=6), SI-pre7= stroke + pre-ischemic dietary intervention 

(n=6).   
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Figure 6 Behavioral changes. Rats were subjected to cylinder tests one week 

before the stroke induction or sham surgery (baseline) and on days 3, 6 and 20 

following the ischemia or sham surgery.  The graphs represent the percentage 

usage of the left paw, contralateral to the stroke lesion. CC7, CC21=control group 

(n=6, n=4), SC7, SC21=stroke + control diet (n=6, n=5), SI-post7, SI-post21=stroke 

+ post-ischemic dietary intervention (n=6, n=5), SI-pre7, SI-pre21= stroke + pre-

ischemic dietary intervention (n=6, n=6). CC=all control animals (12), SC=all 

surgery + control diet (n=11), SI-post= all stroke + post-ischemic dietary 

intervention (n=11), SI-pre= all stroke + pre-ischemic dietary intervention (n=12). 

Significant differences between experimental groups and the CC7 group are 

indicated by **p<0.01 
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Supplementary data 

Table 1 The clusters with significantly increased (left) or decreased (right) 

[18F]FDG uptake in the brains of rats subjected to ischemia induction and 

sacrificed on day 7 (SC7) as compared to the control animals (CC7) or rats that 

underwent ischemia combined with dietary intervention (SI-post7 and SI-pre7) as 

compared to rats that received ischemia alone (SC7). The voxels are organized in 

clusters, which may be spread over (parts of) multiple brain regions (the hemisphere 

is indicated in brackets). The peak of each cluster (coordinates with highest 

significant difference) are listed next to the cluster number. 
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Supplementary Figure 1 Changes in food intake in animals sacrificed on day 21 

after ischemia induction or sham surgery. Food intake is displayed in gram. No 

statistical differences between the groups were observed (GEE model). 
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Supplementary Figure 2 The effect of the investigational diet on [18F]FDG 

uptake in healthy animals. Sagittal, coronal and transverse projections of the brain 

regions with voxels representing a significant decrease in [18F]FDG uptake at day -7 

in animals fed with investigational diet from day -14 (SI-pre7 and SI-pre21 group) 

versus the animals fed with the control diet (CC7, CC21, SC7, SC21, SI-post7, SI-

post21). CC=control group (n=12), SC=stroke + control diet (n=12), SI-post=stroke 

+ post-ischemic dietary intervention (n=12), SI-pre= stroke + pre-ischemic dietary 

intervention (n=12). 
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Neuroinflammation and nutrition  

Neuroinflammation is an activation of the innate immune system of the brain that 

is necessary to restore disturbances of homeostasis. However, chronic and excessive 

neuroinflammation can have detrimental effects on brain function and plays an 

important role in several psychiatric and neurodegenerative disorders.  Therefore, 

neuroinflammation is believed to be an attractive target for future treatment 

strategies against these brain diseases.  

Nutrition can have impact on the inflammatory process. Epidemiological studies 

point towards a beneficial effect of specific diets on the incidence of brain diseases 

in which neuroinflammation plays a role. For this reason, there has been increasing 

interest in recent years in investigating nutrients that could be responsible for these 

protective effects. 

Food components can exert anti-inflammatory properties through several 

mechanisms, such as direct interaction within the brain or via indirect pathways 

mediated by peripheral immune cells or gut microflora. Given the diversity in 

biological effects and mechanisms of action of nutrients, we hypothesized that 

combining diverse food components acting on convergent anti-inflammatory 

pathways might be a suitable approach to design an effective nutrition-based anti-

inflammatory intervention. Based on a literature survey, a nutritional concept has 

been formulated. The nutritional concept investigated in this study consists of 

several food components known to have anti-inflammatory properties, including 

vitamins, omega-3 fatty acids and rice bran components. The components of this 

concept are known to act either directly on the immune cells or interact indirectly, 

for example via gut microbiota.  

 

The aim of this thesis  

 The objective was to evaluate potential therapeutic effect of multi-

nutritional dietary intervention on inflammation in animal models of brain 

diseases in which neuroinflammation is involved.  
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In vitro experiments on activated BV2 cells 

In chapter 2 we describe in vitro experiments with diverse combinations of nutrients, 

which have been described to exert anti-inflammatory properties, such as vitamins 

A, B6, B9, B12 and D, the fatty acids docosahexaenoic (DHA) and eicosapentaenoic 

(EPA) and the amino acids L-tryptophan and L-cysteine. The objective of this study 

was to evaluate possible additive anti-inflammatory effects on activated microglia. 

BV-2 immortalized mouse microglia cells activated with lipopolysaccharide (LPS) 

were used as an in vitro model of neuroinflammation. In vitro testing of individual 

nutrients demonstrated a direct anti-inflammatory effect of vitamins A and D, and 

fatty acids DHA and EPA on LPS-stimulated microglia. These anti-inflammatory 

effects were manifested by a reduction of the LPS-stimulated release of the pro-

inflammatory markers, nitric oxide (NO) and interleukin-6 (IL-6). Mechanistic 

studies on the anti-inflammatory effect of vitamin A were performed on activated 

BV-2 cells in order to complement the available literature data. Inhibition studies 

demonstrated the involvement of RAR in the anti-inflammatory action of vitamin 

A. The main objective of this in vitro study was to evaluate possible additive effects 

of the investigated nutrients. For this purpose, anti-inflammatory properties of the 

combination of vitamins A and D, and fatty acids DHA and EPA were compared 

to the effectiveness of the single nutrients. All the nutrients were used in a 

concentration that does not cause a significant anti-inflammatory effect when used 

as a single nutrient (sub-effective concentration). The combination of substances, 

however, caused a significant decrease in LPS-stimulated NO release from BV-2 

cells. These results demonstrate that combining sub-effective concentrations of 

vitamins and fatty acids can enhance their activity and cause a significant overall 

anti-inflammatory effect.  

Rice bran components as anti-inflammatory nutrients 

In chapter 3, rice bran components are reviewed as emerging anti-inflammatory 

nutrients. Indigestible oligosaccharides from rice bran, such as galacto-

oligosaccharides (GOS) and fructo-oligosaccharides (FOS) have been demonstrated 

to modulate gut microbiota, to protect the intestinal barrier and to exert anti-

inflammatory properties. Recent clinical studies have demonstrated that these 

oligosaccharides also have central effects, as is evident from the observed changes in 

behavior and cognition. Phytosteryl pherulates (gamma-oryzanol, -OZ) and ferulic 

acid are rice bran components which have also been shown to the modulate 
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inflammatory response of the immune cells in vitro and in animals. Isoprenoids, such 

as geranylgeraniol (GGOH), farnesol (FOH) and geraniol (GOH), present in rice 

and in other plants, have been shown to exert anti-inflammatory properties, mainly 

in in vitro studies. Taken together, rice bran components seem to be promising anti-

inflammatory nutrients, but their mechanism of action is still poorly understood. 

In chapter 4 the results from the in vitro investigation of rice bran components (-

OZ, GGPP, FA and GGOH) alone or in combination with vitamins A and D and 

fatty acids DHA and EPA are presented. In a similar approach as described in 

chapter 2, the nutrients were investigated for their ability to reduce LPS-induced 

release of NO and IL-6 by BV-2 cells. This study has demonstrated that high 

concentrations of single rice bran components are able to modulate the release of 

these pro-inflammatory markers (especially GGPP and FA). Combination -OZ, 

GGPP, FA and GGOH did not significantly enhance their anti-inflammatory 

effect. However, combining these substances with vitamin D, at concentrations at 

which they individually had little effect (sub-effective), resulted in a trend towards 

enhanced anti-inflammatory efficacy. Thus, combining different nutrients acting on 

the convergent anti-inflammatory pathways may lead to an increased anti-

inflammatory effect. 

In conclusion, the in vitro studies discussed in chapter 2 and 4 have demonstrated 

anti-inflammatory effects of several individual nutrients. These anti-inflammatory 

effects could be enhanced when combinations of nutrients were used, resulting in 

efficacy at concentrations where individual nutrients were ineffective.  

In the second part of the project we aimed to investigate the impact of nutrition on 

neuroinflammation and diseases progression in animal models. The suitability of an 

animal model for nutritional intervention is determined by the severity of the 

inflammatory response: i.e. the model should present sufficient neuroinflammation 

to allow detection of subtle immune-modulating effects, but should not have 

excessive neuroinflammation that would prevent any efficacy of the intervention. In 

chapter 5, we investigated the suitability of an animal model of colitis for this 

purpose. 
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Crosstalk between the gut and the brain: 

neuroinflammation in animal models of peripheral 

diseases. 

Neuroinflammation is believed to be involved in pathology of brain diseases, such 

as depression and neurodegenerative disorders. Since a high rate of comorbidity of 

some peripheral immune-related diseases (e.g. colitis) with depression is observed, it 

has been hypothesized that peripheral inflammation can lead to inflammation in 

the brain via the gut-immuno-brain axis. This hypothesis suggests that brain 

associated comorbidity of peripheral inflammatory diseases could be mediated via 

induction of neuroinflammation.  

In the study described in chapter 5, we investigated whether gut inflammation in 

colitis can cause neuroinflammation in a rat model of TNBS-induced colitis. The 

main goal of this experiment was to assess the feasibility of PET imaging to detect 

peripheral and central inflammation in this model and, if successful, to use this 

model to assess the efficacy of dietary intervention in the gut and the brain. The 

reason for applying non-invasive PET imaging in colitis was the possibility to 

design longitudinal studies aimed to monitor dynamic changes in the inflammatory 

process and the effects of intervention thereon in the same subject over time. The 

method would also allow easy translation to human studies.  

Intrarectal administration of TNBS in rats caused the induction of characteristic 

symptoms for colitis (loss of bodyweight, diarrhea, rectal bleeding). Monitoring of 

peripheral and central inflammation was performed using PET with the TSPO 

tracer [11C]PBR28. This imaging method was chosen because colitis is 

accompanied by infiltration of activated macrophages; TSPO is overexpressed by 

activated macrophages, microglia and astrocytes in response to inflammatory 

stimuli. PET imaging did not demonstrate any significant increase in the tracer 

uptake in the brain or in the gut. However, ex-vivo biodistribution studies 

demonstrated an increase in [11C]PBR28 uptake in cecum and descending colon of 

animals with colitis, suggesting that [11C]PBR28 could detect subtle inflammation 

in the gut ex-vivo, but not in-vivo. The possible reasons for this apparent 

discrepancy might be spill-over effects that blurred the imaging signal due to 

insufficient resolution of the PET camera. Moreover, ex-vivo biodistribution studies 

of the brain showed significantly enhanced tracer uptake in cerebellum, but not in 
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other brain regions, indicating that colitis in this animal model was indeed 

accompanied by a mild immune response in the brain. 

The subtle inflammation detected in this study, however, makes it difficult to 

robustly measure any beneficial effects of intervention and therefore we considered 

TNBS-induced colitis a not suitable model for investigation of dietary intervention 

aimed to modulate inflammatory processes. Therefore, we investigated another 

model of peripheral inflammation for dietary intervention: postoperative cognitive 

decline (POCD). In this model, the association between peripheral inflammation 

with neuroinflammation has recently been described.  

 

Dietary interventions targeting neuroinflammation 

Postoperative cognitive dysfunction (POCD) is a common complication after 

surgery that can have long-lasting negative impact on the patient’s quality of life. 

Although the underlying mechanisms are still unknown, evidence suggests that 

neuroinflammation may mediate cognitive impairment following surgery. The rat 

model of POCD used in this study aimed to mimic major surgery in humans. The 

goal of the study described in the chapter 6 was to confirm the presence of 

neuroinflammation in a rat model of POCD by PET imaging and to investigate the 

anti-inflammatory effects of a specific multi-nutrient supplementation diet 

containing anti-inflammatory ingredients (i.e. investigational diet, formulated based 

on the nutritional concept described in chapters 2 – 4). In addition, we investigated 

whether this diet was also able to prevent or moderate the symptoms of POCD and 

the concomitant alterations in brain metabolism. Experimental animals were 

subjected to one of three dietary regimens: control diet for the whole experiment, 

or investigational diet starting either 2 weeks before (pre-operative treatment) or 

immediately after the surgical intervention (post-operative treatment). 

In accordance with the previous studies abdominal surgery caused significant 

bodyweight loss, reduced mobility, increased anxiety (measured with the open field 

test) and a trend towards decreased spatial memory (measured with the novel 

location recognition test). [11C]PK11195 PET imaging and immunohistochemistry 

confirmed the presence of neuroinflammation in several brain regions after surgery. 

[18F]FDG PET imaging revealed increased brain metabolism in part of the cortex, 
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pons and amygdala, whereas reduced metabolism was observed in the motor 

cortex, somatosensory cortex and striatum.  

Dietary intervention started after surgery reversed astrocyte activation in 

cerebellum and the periventricular zone and decreased brain metabolism in the 

piriform cortex, but it had no beneficial effect on anxiety and spatial memory. 

Dietary intervention started prior to surgery had a positive impact on recovery, 

resulting in faster gain in body weight and normalization of exploratory behavior 

and spatial memory. This improvement was accompanied by reversal of astrocyte 

activation in the periventricular zone – but not in other brain regions – and 

normalization of brain metabolism in part of the motor cortex. 

This study shows that major surgery can be accompanied by neuroinflammation 

and changes in glucose metabolism in several brain regions. Preventive intervention 

with a diet containing elevated amounts of anti-inflammatory nutrients can affect 

neuroinflammation and brain metabolism and has a positive effect on the recovery 

from abdominal surgery in rats. 

Finally, we also investigated the effectiveness of the dietary intervention in stroke, a 

central nervous system disease in which the role of neuroinflammation in disease 

progression is well described. Stroke is a leading cause of death and disability 

worldwide. Since effective treatment options are limited, there is a lot of interest in 

developing new therapeutic strategies against stroke. One of the possible targets for 

stroke management is neuroinflammation. As discussed in the chapter 7, the 

photothrombotic model of stroke in rats was used to monitor the possible 

therapeutic effects of dietary intervention. Rats were subjected to one of three diet 

regiments: control diet for the whole experiment, or investigational diet starting 

either 2 weeks before (pre-ischemic treatment) or immediately after the stroke 

induction (post-ischemic treatment). 

The induction of ischemia caused transient lateral movement impairment on day 3, 

which was normalized on day 6 and 20. Photothrombotic stroke induced focal 

brain damage, surrounded by strong and persistent astrocyte activation. Stroke was 

accompanied by decreased glucose metabolism in the contralateral hemisphere on 

day 7, but not on day 21. The investigational diet applied two weeks before the 

induction of ischemia did not affect astrocyte activation on day 7, but it increased 

brain glucose metabolism in the ispilateral hemisphere. When the investigational 

diet was started immediately after the induction of ischemia, astrocyte activation 
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was even further increased on day 7, while glucose metabolism was not affected. 

Both treatments with the investigational diet reduced astrocyte activation on day 21 

after the induction of ischemia, but did not affect glucose metabolism. Lesion size 

was not significantly affected by the dietary intervention on day 7, but the post-

ischemic dietary intervention prevented the lesion growth between day 7 and 21. 

This study reveals a potential beneficial effect of an investigational diet containing 

elevated amounts of specific anti-inflammatory nutrients on the recovery from 

ischemic brain damage, when the dietary intervention was started immediately 

after stroke. 

 

Concluding remarks 

The main conclusion of this study is that the investigated nutritional concept can 

modulate inflammation in vitro and in vivo.  

 In vitro studies have demonstrated additive anti-inflammatory effects 

between some of the diet components like vitamins A, D and fatty acids, 

DHA and EPA and trends towards enhanced anti-inflammatory properties 

between rice bran components and vitamin D. Therefore, dietary 

intervention should focus on diets with specific combinations of anti-

inflammatory components. 

 As demonstrated in animal studies in the POCD and stroke models in rats, 

the investigational diet can not only modulate neuroinflammation in vivo, 

but can also normalize other disease parameters (e.g. anxiety behavior in 

POCD and lesion growth in stroke). 
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Neuroinflammatie en voeding 

Neuroinflammatie wordt gekenmerkt door een activering van het aangeboren 

immuunsysteem van de hersenen, waardoor verstoringen van homeostase kunnen 
worden hersteld. Echter, chronische en buitensporige neuroinflammatie kan een 

schadelijk effect hebben op de hersenfunctie en speelt derhalve een belangrijke rol 

in verschillende psychiatrische en neurodegeneratieve aandoeningen. 
Neuroinflammatie wordt daarom verondersteld een attractief target voor 

toekomstige behandelingen van deze ziekten te zijn.  

Voeding kan van invloed zijn op inflammatoire processen. Epidemiologische 
studies geven aan dat bepaalde diëten een gunstig effect kunnen hebben op de 

incidentie van hersenziekten waarbij neuroinflammatie een rol speelt. Dit heeft er 

toe geleid dat er in de afgelopen jaren de interesse voor het onderzoek naar de 
voedingstoffen, die verantwoordelijk zouden kunnen zijn voor deze positieve 

effecten, is toegenomen.  

Voedingstoffen kunnen via verschillende mechanismen een ontstekingsremmende 
werking uitoefenen, zoals via directe interacties in de hersenen, of op een indirecte 

manier via perifere immuuncellen of darm microflora. Vanwege de 

verscheidenheid aan biologische effecten en werkingsmechanismen van 

voedingsstoffen, veronderstellen wij dat het combineren van meerdere 
voedingstoffen, die ingrijpen op convergerende anti-inflammatoire processen, een 

geschikte benadering is om een effectieve ontstekingsremmende behandeling die is 

gebaseerd op voeding te ontwerpen. Op basis van literatuuronderzoek is een 
nieuwe voedingsconcept geformuleerd, dat is onderzocht in de studies beschreven 

in dit proefschrift. Het voedingsconcept bestaat uit verschillende voedingsstoffen 

met ontstekingsremmende eigenschappen, zoals vitamines, omega-3 vetzuren en 
componenten van rijstzemelen. Van de componenten uit dit voedingsconcept is 

bekend dat ze ofwel immuuncellen direct beïnvloeden, ofwel een indirecte 

interactie hebben, bijvoorbeeld via de darmflora. De specifieke combinatie van 
nutriënten in het voedingsconcept is nieuwe, en we verwachten dat juist deze 

combinatie een meerwaarde heeft over de individuele componenten.  

 

Het doel van dit proefschrift 

Het primaire doel van de studies in dit proefschrift is om mogelijke therapeutische 
effecten van een dieet bestaande uit meerdere anti-inflammatoire voedingstoffen te 

evalueren in diermodellen van hersenziekten waarin sprake is van 

neuroinflammatie. 
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In-vitro experiments in geactiveerde BV2 cellen 

In hoofdstuk 2 beschrijven we in-vitro experimenten met diverse combinaties van 

voedingsstoffen, waarvan gesuggereerd is dat ze ontstekingsremmende 
eigenschappen hebben, zoals vitamine A, B6, B9, B12 en D, de vetzuren 

docosahexaeenzuur (DHA) en eicosapentaeenzuur (EPA) en de aminozuren L-

tryptofaan en L-cysteïne. Het doel van deze studie was om mogelijke additieve 
ontstekingsremmende effecten op geactiveerde microglia te evalueren. Als een in-

vitro model voor neuroinflammatie werden BV2 cellen (geïmmortaliseerde muizen 

microglia), die zijn geactiveerd met lipopolysaccharide (LPS), gebruikt. De in-vitro 
testen met individuele voedingstoffen toonden een directe anti-inflammatoire 

werking van de vitamines A en D, en de vetzuren DHA en EPA op LPS-

gestimuleerde microglia aan. Deze anti-inflammatoire effecten resulteerde in een 
vermindering van de LPS-gestimuleerde afgifte van de pro-inflammatoire stoffen, 

stikstofoxide (NO) en interleukine-6 (IL-6). Omdat literatuurgegeven ontbraken, 

werden additionele studies naar het mechanisme dat ten grondslag ligt aan het anti-
inflammatoire effect van vitamine A op geactiveerde BV-2 cellen uitgevoerd. 

Inhibitiestudies toonden aan dat de retinezuur receptor (RAR) een rol speelt in de 

ontstekingsremmende werking van vitamine A. Het hoofddoel van deze in-vitro 
studie was om mogelijke additieve effecten van de onderzochte voedingstoffen te 

onderzoeken. Daartoe werd de ontstekingsremmende werking van combinaties van 

de vitamines A en D, en de vetzuren DHA en EPA vergeleken met het effect van 
de individuele voedingstoffen. In combinaties van voedingstoffen werden alle 

componenten gebruikt in een concentratie die geen significant ontstekingsremmend 

effect veroorzaakte wanneer alleen deze voedingstof werd gebruikt (sub-effectieve 
concentratie). Het combineren van meerdere voedingstoffen resulteerde in een 

significante afname van de LPS-gestimuleerde afgifte van NO door BV-2 cellen. 

Deze Resultaten tonen aan dat het combineren van sub-effectieve concentraties 

vitamines en vetzuren de totale ontstekingsremmende werking van de cocktail 

substantieel vergroot. 

Componenten van rijstzemelen als anti-inflammatoire voedingstoffen  

Hoofdstuk 3 bevat een literatuuroverzicht van componenten uit rijstzemelen met 
een potentiële anti-inflammatoire werking. Van onverteerbare oligosachariden uit 

rijstzemelen, zoals galacto-oligosachariden (GOS) en fructo-oligosachariden (FOS) 

is aangetoond dat ze darmflora moduleren, de intestinale barrière beschermen en 
een ontstekingsremmende werking hebben. Recente klinische studies hebben 

aangetoond dat deze oligosachariden ook centrale effecten hebben, zoals blijkt uit 

de waargenomen effecten op gedrag en cognitie. Fytosteryl ferulaten (gamma-
oryzanol, γ -OZ) en ferulazuur zijn componenten van rijstzemelen waarvan in-vitro 

en in proefdieren is aangetoond dat ze de inflammatoire respons van immuuncellen 
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kunnen onderdrukken. Isoprenoïden, zoals geranylgeraniol (GGOH), farnesol 

(FOH) en geraniol (GOH), zijn ook aanwezig in rijst en andere planten. Van deze 
stoffen is met name in in-vitro studies aangetoond dat ze ontstekingsremmende 

eigenschappen hebben. Componenten van rijstzemelen lijken dus veelbelovend 

anti-inflammatoire voedingsstoffen, maar hun werkingsmechanisme is nog steeds 

onduidelijk. 

In hoofdstuk 4 worden de resultaten van de in-vitro experimenten met individuele 

componenten uit rijstzemelen (γ -OZ, GGPP, FA en GGOH) of met combinaties 
van deze componenten met vitamines A en D en de vetzuren DHA en EPA 

gepresenteerd. Door middel van een soortgelijke aanpak als beschreven in 

hoofdstuk 2, werden de voedingsstoffen onderzocht op hun vermogen om de LPS-
geïnduceerde afgifte van NO en IL-6 door BV-2 cellen te verminderen. Deze 

experimenten hebben aangetoond dat hoge concentraties van één component uit 

rijstzemelen (met name GGPP en FA) het vrijkomen van pro-inflammatoire stoffen 
kan onderdrukken. Het combineren van γ -OZ, GGPP, FA en GGOH leidde niet 

tot een significante verbetering van de anti-inflammatoire werking. Echter, 

wanneer deze stoffen werden gecombineerd met vitamine D, bij concentraties 
waarbij ze individueel weinig effect hadden (sub-effectief), werd een trend in de 

richting van een verbeterde anti-inflammatoire werking waargenomen. Het 

combineren van verschillende voedingsstoffen, die op de convergente anti-
inflammatoire processen inwerken, kan dus leiden tot een verhoogde anti-

inflammatoire werking. 

Kortom, de in-vitro studies beschreven in hoofdstuk 2 en 4 hebben aangetoond dat 
verschillende voedingstoffen een ontstekingsremmende werking hebben. Deze anti-

inflammatoire effecten kunnen worden versterkt als combinaties van voedingstoffen 

worden gebruikt, waardoor een werkzaam effect al kan worden gevonden bij 

concentraties waarbij de individuele voedingstoffen niet effectief zijn. 

Het tweede deel van het project is gericht op de invloed van voeding op 
neuroinflammatie en ziekteprogressie in diermodellen. De geschiktheid van een 

diermodel voor een interventiestudie met voeding wordt bepaald door de ernst van 
de ontstekingsreactie: d.w.z. het model moet voldoende neuroinflammatie geven 

om detectie van subtiele immuun-modulerende effecten mogelijk te maken, maar 

neuroinflammatie mag niet te ernstig zijn, omdat dit de werkzaamheid van de 
interventie zou kunnen verhinderen. In hoofdstuk 5, onderzochten we voor dit doel 

de geschiktheid van een diermodel voor colitis. 
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Interactie tussen de darmen en het brein: 

neuroinflammatie in diermodellen voor perifere 

ziekten 

Neuroinflammatie wordt verondersteld een rol te spelen in de pathologie van 
hersenziekten, zoals depressie en neurodegeneratieve aandoeningen. Aangezien er 

een hoge mate van co-morbiditeit bestaat tussen depressie en een aantal perifere 
immuun-gerelateerde ziekten (bijv. colitis), is de hypothese dat een perifere 

ontsteking kan leiden tot een ontstekingsreactie in de hersenen via de darm-

immuunsysteem-brein as. Deze hypothese suggereert dat de aan de hersenen 
gerelateerde co-morbiditeit van perifere ontstekingsziekten kan zijn geïnduceerd via 

neuroinflammatie. 

In de studie beschreven in hoofdstuk 5 we hebben in een TNBS-geïnduceerd 
rattenmodel van colitis onderzocht of een ontsteking van het darmkanaal kan 

leiden tot neuroinflammatie. Het belangrijkste doel van dit experiment was om de 

haalbaarheid van detectie van perifere en centrale ontstekingen met behulp van 
een PET scan te beoordelen. Indien succesvol, kan dit diermodel tevens worden 

gebruikt om de werkzaamheid een voedingsinterventie in het maagdarmkanaal en 

de hersenen vast te stellen. De reden om te kiezen voor het gebruik een niet-
invasieve PET scan was de mogelijkheid om longitudinale studies te ontwerpen, 

gericht op bestuderen van dynamische veranderingen in het ontstekingsproces in 

hetzelfde dier en de effecten van de interventie daarop. De methode zou het ook 
makkelijker maken om de resultaten uit dierstudies te vertalen naar studies in 

patiënten. 

Intra-rectale toediening van TNBS in ratten induceert de kenmerkende 
symptomen van colitis (verlies van lichaamsgewicht, diarree, rectale bloedingen). 

PET met de TSPO tracer [11C]PBR28 werd toegepast om perifere en centrale 

ontstekingen te detecteren. Deze methode werd gekozen, omdat colitis gepaard 
gaat met infiltratie van geactiveerde macrofagen; TSPO wordt verhoogd tot 

expressie gebracht door geactiveerde macrofagen, microglia en astrocyten in 

reactie op inflammatoire stimuli. PET imaging kon geen  significante verhoging 
van de tracer opname in de hersenen of het darmkanaal aantonen. Echter, ex-vivo 

biodistributie studies toonden wel een toename van de [11C]PBR28 opname in het 

cecum en de colon descendens van dieren met colitis, hetgeen suggereert dat met 

[11C]PBR28 subtiele ontsteking in het darmkanaal ex-vivo kunnen worden 
gedetecteerd, maar niet in-vivo. Deze schijnbare tegenstelling zou mogelijk kunnen 

worden verklaard door spill-over effecten die kunnen leiden tot een vervaging van 

signaal op de scan vanwege onvoldoende resolutie van PET camera. Ex-vivo 
biodistributie studies van de hersenen toonden  een significant hogere 
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traceropname in het cerebellum, maar niet in andere hersengebieden. Dit 

suggereert dat colitis in dit diermodel gepaard gaat een milde immuunrespons in de 

hersenen. 

De subtiele ontstekingsreacties die werden waargenomen in deze studie maken het 

lastig om eventuele gunstige effecten van een interventie betrouwbaar te kunnen 
meten en daarom zijn we van mening dat het TNBS-geïnduceerde colitis model in 

de huidige vorm niet geschikt is om een interventie met voeding, gericht op het 

onderdrukken van ontstekingsprocessen, te onderzoeken. Daarom hebben we een 
ander model van een perifere ontsteking gebruikt voor een 

voedingsinterventiestudie: postoperatieve cognitieve dysfunctie (POCD). In dit 

model, is de associatie tussen een perifere ontsteking en neuroinflammatie onlangs 

beschreven. 

 

Voedingsinterventies gericht op onderdrukking van 

neuroinflammatie 

Postoperatieve cognitieve dysfunctie (POCD) is een veel voorkomende complicatie 

na een operatie en kan langdurig negatieve gevolgen hebben voor kwaliteit van het 
leven van de patiënt. Hoewel de onderliggende mechanismen nog onvoldoende  

bekend zijn, is er bewijs dat suggereert dat neuroinflammatie een rol kan spelen in 

de verminderde cognitie na de operatie. Het rattenmodel van POCD dat werd 
gebruikt in deze studie beoogt een zware buikoperatie bij de mens na te bootsen. 

Het doel van de studie beschreven in hoofdstuk 6 was om de aanwezigheid van 

neuroinflammatie in het ratmodel van POCD te bevestigen met behulp van een 
PET scan en om de anti-inflammatoire effecten van een dieet, waaraan meerdere 

voedingstoffen met een ontstekingsremmende werking zijn toegevoegd, te 

onderzoeken  (d.w.z. een experimentele dieet, onder andere samengesteld op basis 
van de ingrediënten beschreven in hoofdstukken 2-4). Daarnaast hebben we 

onderzocht of dit dieet ook de symptomen van POCD en de daarmee gepaard 

gaande veranderingen in de stofwisseling van de hersenen kon verminderen of 
voorkomen. De proefdieren werden onderworpen aan één van de volgende drie 

dieetregimes: controle dieet gedurende het hele experiment, of het experimentele 

dieet vanaf 2 weken vóór de operatie (preoperatieve behandeling) of het 
experimentele dieet onmiddellijk na de chirurgische interventie (postoperatieve 

behandeling). 

Overeenkomstig eerdere studies, leidde de buikoperatie bij ratten tot een significant 
gewichtsverlies, verminderde mobiliteit, verhoogde angst (gemeten met de open-

veldtest) en een trend naar een verminderde ruimtelijk geheugen (gemeten met de 
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nieuwe locatie-herkenningtest). [11C]PK11195 PET en immunohistochemie 

bevestigde de aanwezigheid van neuroinflammatie in verschillende hersengebieden 
na de operatie. [18F]FDG PET liet een verhoogd metabolisme van de hersenen zien 

in een deel van de cortex, pons en amygdala, terwijl verminderd metabolisme werd 

waargenomen in de motorcortex, somato-sensorische cortex en striatum.  

De activering van astrocyten in het cerebellum en de peri-ventriculaire zone en de 
vermindering van de stofwisseling in de piriforme cortex konden worden 

gereduceerd met de voedingsinterventie wanneer deze werd gestart na de operatie, 
maar deze interventie had geen waarneembaar effect op angst en het ruimtelijke 

geheugen in de testen die wij hebben uitgevoerd. Wanneer de voedingsinterventie 

werd gestart voorafgaand aan de operatie, had dit een positief effect op het herstel, 
resulterend in een snellere toename in lichaamsgewicht en normalisatie van het 

verkennend gedrag en het ruimtelijk geheugen. Deze verbetering ging gepaard met 

een reductie van de activering van astrocyten in de peri-ventriculaire zone - maar 
niet in andere hersengebieden - en een normalisatie van het metabolisme in een 

deel van de motorcortex. 

Deze studie toont aan dat een grote buikoperatie kan leiden tot neuroinflammatie 
en veranderingen in het glucosemetabolisme in verschillende hersenengebieden. 

Preventieve interventie met een dieet met verhoogde hoeveelheden anti-

inflammatoire voedingsstoffen kan het optreden van neuroinflammatie en 
veranderingen in de stofwisseling van de hersenen bij ratten beïnvloeden en 

daarmee een positief effect hebben op het herstel na een buikoperatie. 

Tenslotte werd ook de effectiviteit van de dieetinterventie onderzocht na het 
optreden van een beroerte, een centraal zenuwstelsel aandoening waarbij de rol 

van neuroinflammatie in het ziekteprogressie goed is beschreven. Beroerte is 

wereldwijd een belangrijke oorzaak voor overlijden en invaliditeit. Omdat de opties 

voor een effectieve behandeling beperkt zijn, is er veel belangstelling voor de 
ontwikkeling van nieuwe therapeutische strategieën om een beroerte te 

behandelen. Neuroinflammation zou een mogelijk target kunnen zijn voor een 

behandelstrategie van een beroerte. Zoals besproken in hoofdstuk 7, werd het foto-
trombotisch beroerte model in ratten gebruikt om de mogelijke therapeutische 

effecten van een dieetinterventie te onderzoeken. Ratten werden onderworpen aan 

één van de volgende drie dieetregimes: controle dieet gedurende het hele 
experiment, of een experimenteel dieet dat ofwel 2 weken vóór (pre-ischemische 

behandeling) ofwel onmiddellijk na de inductie van de beroerte (post-ischemische 

behandeling) werd gestart. 

De inductie van ischemie veroorzaakte een tijdelijke verslechtering in het 
symmetrisch  gebruik van de voorpoten op dag 3; dit effect was weer 
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genormaliseerd op dag 6 en 20. De foto-trombotisch beroerte veroorzaakte een 

focale hersenbeschadiging, die werd omringd door een sterke en aanhoudende 
activering van astrocyten. De beroerte ging gepaard met een verminderd 

glucosemetabolisme in de contralaterale hemisfeer op dag 7, maar niet op dag 21. 

Wanneer het experimentele dieet twee weken voor de inductie van ischemie werd 
gestart, werd op dag 7 geen effect op de activering van astrocyten waargenomen, 

maar wel een verhoogd glucosemetabolisme in de ispilaterale hemisfeer. Wanneer 

het experimentele dieet werd gestart onmiddellijk na de inductie van ischemie, 
vond op dag 7 een verdere toename van de activering van astrocyten plaats, terwijl 

het glucosemetabolisme niet werd beïnvloed. Beide behandelingen met het 

experimentele dieet verminderde de activering van astrocyten op dag 21 na de 
inductie van ischemie, maar hadden geen effect op de glucosehuishouding op die 

dag. De grootte van de laesie werd niet significant beïnvloed door de 

voedingsinterventie op dag 7, maar de post-ischemische voedingsinterventie kon 

wel voorkomen dat de laesie verder groeide tussen dag 7 en 21. 

Deze studie laat een potentieel gunstige effect zien van een experimenteel dieet met 

verhoogde hoeveelheden van specifieke anti-inflammatoire voedingsstoffen op de 
herstel van ischemische hersenschade, indien de voedingsinterventie wordt gestart 

onmiddellijk na een beroerte. 

Conclusie 

De belangrijkste conclusie van deze studies is dat het onderzochte voedingsconcept 

zowel in-vitro als in-vivo ontstekingsreacties kan remmen.  

 In vitro studies hebben additieve ontstekingsremmende effecten 

aangetoond tussen een aantal voedingstoffen, waaronder vitamine A en D 

en de vetzuren DHA en EPA. Ook werd een trend gevonden in de richting 

van verbeterde anti-inflammatoire eigenschappen wanneer componenten 

van rijstzemelen werden gecombineerd met vitamine D. 

Dieetinterventiestudies zouden zich dus moeten richten op diëten 

bestaande uit combinaties van specifieke anti-inflammatoire 

voedingstoffen. 

 Dierstudies in rattenmodellen voor POCD en beroerte hebben aangetoond 

dat het experimentele dieet niet alleen in-vivo neuroinflammatie kan 

verminderen, maar ook andere parameters van de ziekten (bijv. angst in 

POCD en toename van de grootte van de laesie in beroerte) kan 

normaliseren. 
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The studies described in this thesis aimed to provide preclinical evidence for the 

hypothesis that nutritional intervention can be applied for prevention or treatment 

of brain diseases in which inflammation is involved. The main findings from these 

studies are that: 

(I) combining different food components acting on convergent anti-

inflammatory pathways can enhance their anti-inflammatory effects 

(chapter 2 and 4); 

(II) multi-nutrient dietary intervention can modulate inflammation in the 

brain in animal models (chapter 6 and 7).  

In the in vivo part of this study we used an investigational diet, consisting of a 

combination of specific nutrients that were selected based on the literature data and 

our own in vitro experiments. The investigational diet was not only able to modulate 

neuroinflammation, but also to affect the symptoms associated with the investigated 

disease models. However, this concept requires further preclinical investigation 

aimed to further explore its beneficial effects on brain function and disease 

symptoms, such as memory, anxiety or depressive-like behavior. The ultimate goal 

of this research would be to apply the nutritional concept in a clinical trial. Since all 

nutrients investigated in this thesis are part of our regular diet, the nutritional 

intervention could be readily applied in clinical trials without the necessity of 

toxicological studies.  

 

1. In vitro investigation of combinations of anti-

inflammatory nutrients  

Epidemiological studies demonstrated positive effects of certain diets on the 

incidence of several inflammation-related diseases [1–3]. Consequently, there is 

increasing interest in identifying the specific food components that are responsible 

for these effects.  

Interaction of individual nutrients with different signaling pathways can increase 

the anti-inflammatory effect of a dietary supplementation, as was discussed in 

chapter 2, 3 and 4. Individual components can complement each other, resulting in 

additive or even synergistic effects. As a result, lower concentrations of the active 

nutrients can be used to achieve a beneficial effect. Some food components, like the 

fat-soluble vitamins A, D, E and K, can be toxic when used in high concentrations. 
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Multi-nutrient supplementation with low concentrations of individual nutrients will 

be a much safer approach, than administration of high doses of a single 

component.  

The approach of in vitro screening of nutrients presented in chapter 2 and 4 can also 

be applied for new compounds with possible anti-inflammatory properties. 

Evaluation of nutrients on immortalized cell lines allows testing of a large number 

of compounds and combinations thereof. The use of immortalized microglia cell 

lines, rather than isolated primary microglia, in the early steps of evaluation of new 

components is recommended for practical (faster screening) and ethical reasons (no 

animals have to be sacrificed for the isolation of primary microglia). 

For the characterization of possible additive effects of different combinations of 

compounds, we proposed to test mixtures of substances at concentrations where 

they do not exert significant effects on their own (sub-effective). This approach 

increases the detection window of possible additive or synergistic anti-inflammatory 

effects by the combination of nutrients. The ingredients can be chosen based on 

their individual mechanism of action. 

 

2. Elucidation of mechanisms of action of food 

components 

In order to design an effective nutritional intervention, evaluation of the 

mechanism of action of nutrients is an indispensable step to optimally benefit from 

the complementary effects of different components. 

From the nutrients investigated in this study, the mechanism of action of vitamins 

A, B, D and fatty acids have been extensively investigated. On the other hand, rice 

bran components have been scarcely studied so far and consequently little is known 

about their anti-inflammatory mode of action. A study can be designed to gain 

more insight in the mechanisms of action of these and other nutrients. This can be 

achieved in vitro or in vivo by:  

 

2.1. Analysis of the metabolites and metabolic pathways of the nutrients.  

The anti-inflammatory effect of a nutrient can be due to a direct effect of the 

nutrient itself, but can also be due to the effect of an active metabolite. Therefore, it 

is important to characterize the metabolism of the nutrient. The type of analysis 
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will depend on the chemical characteristics of the nutrient and its metabolites. 

Since many anti-inflammatory food components are lipids (e.g. fatty acids, rice 

components), a lipidomic analysis can be applied in which lipid components can be 

separated and analyzed. Separation of lipid components from cell, tissue or blood 

samples can be done with chromatographic techniques like (I) gas chromatography 

(GC), which can be used for the analysis of small molecules, (II) high performance 

liquid chromatography (HPLC) [4], or (III) thin layer chromatography (TLC). 

Separated lipid components can be further analyzed with mass spectrometry (MS). 

Combination of chromatography and MS is widely used for lipid characterization 

in plasma, tissue (e.g. brain) or cerebrospinal fluids. Moreover, since the transport, 

biosynthesis and modification of lipids involves proteins, combining lipidomics with 

proteomics allows better understanding of metabolic pathways of the lipids [5]. 

Proteomic analysis can be performed with SDS-PAGE (sodium dodecyl sulfate 

polyacrylamide gel electrophoresis) followed by MS analysis of separated proteins 

[6]. 

Another method to analyze metabolism is to label the compound of interest (in this 

case, nutrient) with a radioactive isotope, such as 3H or 14C [7–9]. This allows 

tracking the nutrient and its metabolites in the tissues, blood or urine.  

2.2. Analysis of the interaction of the nutrient or their active metabolites 

with receptors and signaling pathways 

After obtaining information about the metabolism of the nutrient, the anti-

inflammatory properties of the main metabolites can be screened to determine if 

metabolites might have a therapeutic effect. Next, the interaction of the nutrient or 

its active metabolite with specific receptors and signaling pathways can be 

investigated. 

2.2.1. Binding studies 

Binding studies with selective competitors may be applied in order to test the 

interaction of nutrients with specific receptors involved in relevant anti-

inflammatory pathways. Alternatively, the pharmacological response of a nutrient-

receptor interaction can be monitored. 
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2.2.2. Analysis of expression/concentrations of signaling molecules 

Analysis of gene expression or proteomics allows detection of the increased 

expression of specific receptors or signaling molecules following the treatment with 

a particular nutrient. These receptors can be further investigated in cells and tissues 

by western blot, immunohistochemistry or flow cytometry.  

2.2.3. Inhibition of key mediators in specific signaling pathway 

The interaction of the nutrient with a receptor and the resulting physiological 

effects can be explored in vitro and in vivo by inhibition of receptor signaling by 

chemical blocking with a specific antagonist, or inhibition of receptor expression by 

gene knockout or treatment with antisense RNA. Chemical inhibitors provide a 

very effective approach, as was demonstrated for the interaction of vitamin A with 

retinoic acid receptors (RAR) in this project (chapter 2). Chemical inhibitors, 

however, may not be specific to only one target. Therefore, this data may need to 

be confirmed with more specific approaches, such as gene knockout or antisense 

RNA targeting specific receptors. 

In vitro findings on receptor interactions need to be validated in animal models, 

because the effects observed in vitro may be compensated by alternative mechanisms 

in vivo. For example, previous studies with chemical inhibitors have demonstrated 

that partial inhibition of RAR can be compensated for in vivo by increasing 

RARβ  and RARγ  expression [10]. In contrast, knockout of RAR did not induce 

any compensation mechanisms. Therefore, a similar approach as for in vitro studies 

(chemical blocking, gene knockout or antisense RNA) could be applied in vivo to 

confirm the data from cell studies. 

 

3. Animal studies with dietary interventions  

The anti-inflammatory properties of nutrients observed in vitro can be validated in 

animal models. Some in vitro results may be false positive for nutrients forinstand as 

they might not sufficiently penetrate brain tissue in vivo. On the other hand, some in 

vitro data may also be false negative for nutrients which do not act directly on 

microglia (the target cell type we investigate), but exert their effect via an indirect 

pathway. 
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3.1. Timing 

Nutrition can be considered as a prophylactic tool for prevention of brain diseases, 

as suggested by the outcomes from epidemiological studies on the effect of diets on 

the incidence of brain diseases [1-3]. However, preclinical investigation show that 

dietary intervention can also be applied after the onset of disease and still have a 

therapeutic effect on disease progression. Therefore, in this project we investigated 

both prophylactic and therapeutic treatment designs with the investigational diet 

(as described in chapter 6 and 7). Both strategies resulted in beneficial effects and 

therefore both approaches should also be included in the future preclinical studies.  

3.2 Type of intervention 

The two main approaches to investigate the effects of the diet in vivo are: (I) 

supplementation or (II) depletion/elimination of the specific nutrients. Both 

approaches may provide important information about the role of specific nutrients 

in healthy animals and during disease pathology. Depletion/elimination studies 

may provide information about the role of essential nutrients during inflammation. 

On the other hand, supplementation studies can provide information on the 

possible use of increased concentrations of nutrients as a prophylactic or 

therapeutic tool.  

3.3. Toxicity 

Although normal concentrations of nutrients can generally be used safely in 

humans, for some nutrients, in particular those that have been poorly investigated 

(such as rice bran components or novel plant components), are applied in high 

doses or can potentially accumulate in the organism (such as fat-soluble vitamins), 

toxicity studies might still be required. Toxicity can be determined in animal 

studies in order to identify possible side effects of the substances and to determine 

the dosage window that can be used safely.  

3.4. The choice of the disease model 

The primary criteria for choosing of disease model for preclinical investigations is 

its suitability for translation to the human pathology in which neuroinflammation is 

involved. Therefore, we have chosen models mimicking the human pathology. 

Photothrombotic stroke model in rats mimics the mechanism of the onset of this 

disease in humans, the formation of thrombi which blocks the blood supply in part 
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of the brain. In postoperative cognitive decline model in rats we mimic the general 

surgery in humans which may lead to the cognitive decline. 

 

3.4.1. Severity of inflammation 

 

The animal models used for anti-inflammatory diet intervention must be validated 

for the presence of inflammation and there should be evidence that 

neuroinflammation is instrumental in disease progression. Moreover, the animal 

models used for dietary intervention should be characterized by relatively low 

severity. We expect that the effect of a nutritional intervention might be subtle and 

therefore may not be able to significantly suppress excessive neuroinflammation 

due to a possible ceiling effect. Choosing animal models with low severity increases 

the chances of successful modulation of inflammatory process with a dietary 

intervention (Weber’s law). Although it seems to be an optimal approach for proof-

of-concept study, the results need to be confirmed in a model that more closely 

mimics the extent of inflammation in patients. 

3.4.2. Behavior 

To complement our data on the modulation of neuroinflammation, more emphasis 

on behavioral improvement could be put in future experiments. The ultimate goal 

of anti-inflammatory dietary intervention is to improve brain function, ameliorate 

disease symptoms and stop disease progression via modulation of 

neuroinflammation. This can be achieved by designing adequate behavioral 

studies. Behavioral tests are in general more sensitive to confounding factors (and 

therefore the data contain more noise) than imaging or in vitro tests and therefore 

larger sample sizes may be required. For example, in chapter 6 we investigated 

spatial memory impairment after abdominal surgery in rats, but did not find 

statistically significant abnormalities with a sample size of n=8, whereas PET 

imaging and immunohistochemistry did reveal significant effects. The sample size 

in this study was calculated based on the imaging data, not on behavioral tests. 

Therefore, in the future studies, the sample size should not only be estimated for 

imaging, but also for the behavior tests. The exact sample size could be estimated 

based on the results of the abdominal surgery obtained in this study.  

Another parameter that is important for model selection is the temporal 

progression of symptoms. Behavioral symptoms that persist over a longer period of 

time will help to investigate the effect of the diet, especially if the dietary 
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intervention is applied after the disease onset. For example, in chapter 7, we 

observed that the severity of our photothrombotic stroke model was relatively low 

and that lateral motor impairment was only present up to three days following 

ischemia. More persistent lateral motor impairment (as observed in a slightly more 

severe stroke model) may increase the possibility to detect the modulation of this 

symptom by dietary intervention in the future studies. Since the severity of 

photothrombotic model can be modulated by the time of irradiation, we could 

consider increasing the irradiation time and therefore, aggravating the resulting 

brain damage in this model in order to obtain longer lasting behavior effects.  

3.4.3. Disease models for psychiatric disorders 

In this thesis, we investigated the dietary intervention in a POCD and a stroke 

model. Since neuroinflammation is believed to be involved in many psychiatric and 

neurodegenerative disorders, the investigational diet could also be tested in other 

animal models in which the presence of neuroinflammation has been established. 

Several animal models of mood disorders or cognitive decline can be considered for 

future dietary intervention. Some examples are: lipopolysaccharide (LPS) induced 

anxiety- and depressive-like behavior in mice or rats [11,12], repeated social defeat-

induced depressive-like behavior [13], unpredictable chronic mild stress (UCMS) 

[14], cognitive decline in aged rats (naïve or subjected to the surgical procedures 

exacerbating the cognitive decline) [15]. From these models, LPS-induced anxiety- 

and depressive-like behavior might be too severe, since LPS is endotoxin which 

causes a very strong pro-inflammatory reaction. Moreover, it leads to sickness 

behavior for which the symptoms overlap with the depressive symptoms. Social 

defeat and unpredictable chronic stress may better reflect the mechanism of 

anxiety- and depressive-like behavior in humans which is not related to sickness 

behavior. However, a complication for a dietary intervention in these models is that 

they are characterized by anhedonia, substantial decrease in food intake and body 

weight. It is therefore difficult to maintain the same level of food intake between 

experimental groups and to ensure sufficient intake of the active components from 

the diet. This can be overcome with intravenous injections of nutrients. Cognitive 

decline in aged animals seem to be the best model to study the effect of diet on 

neuroinflammation because (I) ageing is related to chronic mild neuroinflammation 

(II) maintaining sufficient food intake may be more feasible in these models, since 

even after the abdominal surgery, the weight loss in aged animals does not exceed 

10% [16]. 
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Psychiatric disorders and ageing in humans are often associated with depletion of 

substantial nutrients. Therefore, nutritional supplementation in animals receiving 

complete control diet differs from the clinical situation in which patients may be 

depleted from some important dietary components. An option to overcome these 

differences and to increase the likelihood of finding beneficial effects could be to 

apply nutrient deprivation before dietary intervention in the animal model, 

analogous to a likely clinical situation. 

3.4.4. Disease models of peripheral inflammation 

Epidemiological studies suggest an association between psychiatric disorders and 

diseases with strong peripheral inflammation [17]. For example, a higher incidence 

of depression is observed in patients with colitis. It is believed that 

neuroinflammation can be induced by peripheral triggers and thus could be the key 

player that connects the comorbidity between peripheral inflammation and brain 

diseases. However, further studies need to be performed in order to confirm the 

presence of neuroinfammation in response to for example colitis. This can be done 

by implementing animal models for these peripheral inflammatory diseases (e.g. 

DSS-induced chronic colitis) and investigating the brain with sensitive methods to 

characterize the markers of inflammation (immunohistochemistry, flow cytometry, 

western blot, qPCR or imaging methods). If neuroinflammation can be confirmed, 

animal models of for example colitis could be applied for anti-inflammatory dietary 

intervention. This however will need discrimination between the direct effects of 

the anti-inflammatory diet on neuroinflammation and the indirect effect 

(ameliorating peripheral inflammation and therefore induction of less severe 

neuroinflammation). The first step for this discrimination would be to monitor 

disease progression in peripheral tissues. In case the diet will affect disease 

progression and peripheral inflammation, further discrimination can be applied. 

For example, a positive control with an anti-inflammatory treatment injected into 

the brain or transgenic models with impaired microglia response can help to assess 

selectively the effect of inhibition of neuroinflammation. 

3.4.5. Disease models for neurodegenerative disorders 

Neuroinflammation is not only believed to play a role psychiatric disorders and 

peripheral inflammatory diseases, but is also involved in the development of 

neurodegenerative diseases, like Alzheimer’s disease (AD) and Parkinson’s disease 

(PD). Animal models for neurodegenerative diseases could therefore be considered 
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for future dietary intervention studies. Several models of neurodegenerative 

diseases with proven neuroinflammation have been described. Some examples are: 

the colchicine induced rat model of AD [18], amyloid-induced AD [19], transgenic 

AD models [20], rotenone-induced PD [21], alpha-synuclein-induced PD [22], and 

6-hydroxydopamine-induced PD [23]. Modulation of the severity of 

pharmacologically-induced models is feasible by changing the dose of a toxin. 

Therefore these models seem to be more appropriate for dietary intervention which 

requires low severity.  

Many preclinical studies on neurodegenerative disorders are performed in 

transgenic models. In patients, however, genetics are not the only cause of 

neurodegenerative diseases, as most of these disorders are triggered by multiple 

factors. Familial AD, for example, accounts for only approximately 5% of the AD 

cases [24]. Similarly, only approximately 10% of the PD patients have a family 

history of this disorder [25]. This suggests an important role of environmental 

factors in the development of AD in PD in the majority of patients. It is believed 

that neurodegenerative diseases are caused by complex interactions between 

environmental and genetic factors. Therefore, using pharmacologically-induced 

models, or a combination of a transgenic model with a pharmacological trigger, 

may be more appropriate [24]. Intracerebral injection of a drug may cause by itself 

strong inflammation and sickness behavior. Therefore, models in which toxin can 

be delivered intravenously or intraperitoneally seem to be a better approach (e.g. 

systemic rotenone-induced PD) [26]. However, given the complexity of the 

neurodegenerative diseases, it is unlikely that one model will resemble all the 

diseases characteristics [27]. The optimal approach would be to choose a model 

which most closely resembles the pathology observed in patients in order to ensure 

highest changes of success when translating the preclinical results to clinical studies. 

However, as discussed above, models usually do not ideally represent the clinical 

situation and only mimic some specific aspects of the disease. To compensate for 

this, multiple complementary models can be used that together cover all 

characteristics of the disease.   

 

4. Human studies on the impact of nutrition 

4.1. Observational human studies: Epidemiological studies 
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Lifestyle, which includes a person’s diet, has been recognized as an important 

modifiable factor affecting the incidence of diseases in which neuroinflammation 

may play a role. Prospective studies, in which the dietary patterns and disease 

incidence of a cohort of subjects are assessed for a long period of time, provide 

large datasets on the effect of diet on the incidence of brain diseases in which 

(neuro)inflammation may be involved [1–3]. There are two main methods for 

assessment of food intake in the epidemiological studies: (I) objective observation 

and (II) subjective reporting by the participant [28]. Objective observation can be 

performed by collection of food samples for analysis or by direct observation by 

trained staff. These methods are difficult to apply for large cohort studies. 

Subjective reporting methods include 24-hour dietary recall, dietary recording with 

a questionnaire and reporting of dietary history. These methods provide detailed 

data about food intake, but they are time-consuming and subject to bias, as they 

depend on the memory of the respondent. As another method for subjective 

reporting, food frequency questionnaires allow simple assessment of regular daily 

food intake in large cohorts in a cost-effective and time-effective way. This method 

might be less accurate as compared to others and requires validation of the 

questionnaire used for the study, but it seems to be a practical approach for the 

large epidemiological studies [28].  

Epidemiological studies serve to identify dietary factors that have an impact on 

disease incidence and disease progression. The factors identified in epidemiological 

studies should be further tested in preclinical investigations and clinical trials [29], 

in order to confirm a causal relationship. 

4.2. Experimental human studies: Randomized clinical trials (RCT) 

Randomized clinical trials (RTC) allow testing of the efficacy of nutritional factors 

in similar groups of subjects. RCT should be used to confirm the hypotheses 

derived from epidemiological studies and/or preclinical investigations in cells and 

animal models. There are challenges in clinical trials on dietary interventions that 

differ from clinical trials on pharmaceutical drugs. For example, dietary 

intervention is:  

- more sensitive to external variables 

- formed by heterogeneous mixtures (e.g. food or supplemented food products, in 

contrast to a single pharmaceutical compound in pharmacological trials) 

- multi-targeting (since the dietary intervention consists of multiple active 

components) 
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- consumed throughout the day, resulting in difficulties to standardize the intake. 

Moreover, participants in dietary intervention trials are continuously exposed to 

easily accessible food, which may contain the same nutrients as those included in 

the intervention and therefore change the dosage of the intervention.  

During dietary interventions, it is important to take the background food intake 

(before and during the intervention) into account and to closely monitor food intake 

during the experiment, which can be done prospectively by direct observation, food 

records, or food diary; or retrospectively by 24h diet recall, or questionnaires. The 

retrospective methods highly depend on the accurate memory and reliability of the 

respondent and on the ability of the respondent to estimate portion size [30]. For 

hospitalized patients, food intake might be easier to control and record.  

Placebo-controlled, double-blind studies are more difficult to design for dietary 

interventions than for pharmaceutical drugs, especially in case of interventions 

which aim to change the whole diet. Placebo-controlled studies are more feasible if 

a dietary supplement with a specific (combination of) nutrient(s) is tested. 

4.3. Diet formulation 

The formulation of a dietary intervention is highly dependent on the nature of the 

investigational nutrients. The diet investigated in this thesis was based on standard 

laboratory animal chow AIN-93G [31] and therefore adapted for the investigation 

in mice and rats. Applying the same dietary concept in clinical trials would require 

designing and preparation of a formulation appropriate for use in humans. 

Supplementation in humans can be applied in diverse formulations, including 

tablet, capsule and liquid. Since our dietary intervention is multi-nutrient and 

contains both water-soluble components (B vitamins, amino acids, carbohydrates) 

and fat-soluble components (DHA, EPA, vitamin A and D), the best approach 

would be to apply them in a form of emulsion.  

Dosage of the active ingredients will need to be extrapolated to humans based on 

the daily intake recommendations and toxicity of some ingredients (e.g. fat-soluble 

vitamins). This should be accompanied with measurement of absorption of active 

ingredients from the formulation in humans.  

4.4. Selection of a patient cohort 

Neuroinflammation is believed to be involved in the development of several 

psychiatric and neurodegenerative disorders. It is also believed to mediate 

comorbidity between peripheral inflammation and brain diseases. Therefore, a 



 Future perspectives 

217 

10 

variety of patients with psychiatric or neurodegenerative diseases can be considered 

for the treatment with anti-inflammatory dietary intervention. As examples of 

disorders with neuroinflammation, we focus the discussion here on the two 

disorders, for which we described promising preclinical results in this thesis: 

postoperative cognitive decline and stroke. 

4.4.1. Postoperative cognitive dysfunction 

Cognitive dysfuction forms a category of brain disorders which are hypothesized to 

be triggered by neuroinflammation. In fact, there is substantial preclinical evidence 

that postoperative cognitive dysfuction is triggered by neuroinflammation [32]. Our 

study with dietary intervention for POCD in rats not only confirmed the presence 

of neuroinflammation in rats subjected to surgery, but also provided evidence for a 

therapeutic effect of the diet on neuroinflammation and other disease symptoms 

caused by the surgery. Although preclinical studies and indirect evidence in 

humans suggested an inflammatory component in the pathology of POCD, the 

presence of neuroinflammation has not been demonstrated directly in the brain of 

patients with cognitive decline yet.  

Clinical studies to detect neuroinflammation or to investigate the effectiveness of an 

anti-inflammatory diet intervention for POCD will be challenged by the high 

variability in the condition of the patients before and after surgery, in the nature of 

the surgical intervention and in concomitant diseases. Therefore, proper inclusion 

criteria need to be established (for example, the same type of intervention, age 

range, no concomitant diseases). Moreover, this type of studies would require a big 

sample size, since POCD does not develop in all patients subjected to the surgical 

procedure. Persisting POCD (longer than 3 months post-surgery) is seen in 

approximately 10% of patients over 60 years of age [32,33]. Since the occurrence 

of POCD is the highest in this group of patients (>60), this group might be optimal 

for future intervention studies. However, in elderly patients also the occurrence of 

concomitant diseases is highest and this may complicate the selection of 

homogenous group for the study. 

Since surgery can be planned, the designing of both preventive and postoperative 

dietary intervention is feasible in this patient group. 
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4.4.2. Stroke 

The presence of neuroinflammation has been well described in animal models of 

stroke. Human studies have shown increased levels of activated leukocyte cell 

adhesion molecule (ALCAM), a marker of neuroinflammation, in stroke patients. 

High levels of ALCAM were correlated to increased long-term mortality in stroke 

patients [34]. [11C]PK11195 PET studies revealed the presence and spatiotemporal 

changes of neuroinflammation following cerebral ischemia [35]. Animal studies 

have shown not only the presence of neuroinflammation following cerebral 

ischemia, but also the therapeutic effects of anti-inflammatory treatment on disease 

progression after stroke.  It is believed that chronic and persistent 

neuroinflammation in the area surrounding the lesion (penumbra) can lead to 

further neuronal damage and therefore increase the lesion size. Therefore, anti-

inflammatory treatment should aims to ameliorate or prevent further neuronal 

damage following ischemia. Therefore, stroke patients are a good target group for 

the new anti-inflammatory treatment strategies. Some clinical studies have 

demonstrated a positive impact of anti-inflammatory treatment on the patients 

recovering from stroke [36–38], while epidemiological studies demonstrated a 

promising effect of anti-inflammatory diet in the prevention of stroke [39]. 

Therefore, a clinical study to investigate preventive and therapeutic effects of anti-

inflammatory diet in humans may be a promising approach. 

Testing the possible prevention of stroke in a clinical trial would require a long-

term follow-up. This implies that the dietary intervention would have to be applied 

daily for a long period of time. Therefore, it seems to be more feasible to perform 

observational study on the preventive impact of the diet on stroke incidence, as it 

was done before [39]. 

Clinical trials could more easily be applied to test the efficacy of anti-inflammatory 

diet during the recovery phase after the onset of ischemia in patients who suffered 

from cerebral ischemia. In this case, it will also be challenging to achieve a 

homogeneous patient cohort, because of the possible concomitant diseases and big 

variability in brain damage between the subjects. It is therefore necessary to 

correlate the outcome of the dietary intervention to the progression of brain 

damage. A solution could be to apply a within-subject design in which patients after 

stroke would be scanned twice, before and after dietary intervention. Furthermore, 

it could be assessed whether the brain regions with neuroinflammation (detected on 

the baseline scan with for example [11C]PK11195PET) could be salvaged. Brain 
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damage could be assessed with for example [18F]FDG PET, [11C]flumazenil PET 

or MRI.  

In conclusion, dietary intervention in POCD seems to be more feasible to design 

and plan. Both pre-surgical and post-surgical treatment can be applied. However, a 

big sample size is necessary for this study, because only a small fraction of the 

patients will develop chronic cognitive decline. 

Diet intervention in stroke patients can be applied only after the onset of ischemia. 

However, the possibility of applying smaller sample size can facilitate the study, 

since all patients will develop neuroinflammation. 

 

5. PET imaging 

5.1. The role of PET in nutritional research 

As it has been reviewed by others [40], a large variety of PET tracers have been 

used in food science. These tracers include radiolabeled amino acids, peptides, 

proteins and antibodies, lipoproteins, fatty acids, lipids, nucleotides, trace elements, 

carbohydrates, plant secondary metabolites, vitamins and vitamin derivatives. For 

example, a vitamin D3 receptor (VDR) ligand tracer ([26,27-11C]dihydroxyvitamin 

D3) was developed. In a similar way, a potential tracer to investigate other relevant 

receptors could be designed. These tracers would allow determination of the 

receptor occupancy following diet intervention. For example, a tracer that binds to 

retinoic acid receptors could help to elucidate the anti-inflammatory mechanism of 

vitamin A in vivo and thus to confirm our in vitro results. A PET study with 

radiolabeled food components would help to elucidate how each of the components 

of the diet is interacting with its molecular target. PET imaging may also help to 

investigate the metabolism and accumulation in tissue of specific nutrients, as it was 

done with amino acids (e.g. 11C-labelled methionine was used for study of 

distribution and metabolism of methionine) or fatty acids and lipids (for example 
11C and 18F-labelled fatty acids applied to investigate fatty acid kinetics and tissue 

uptake) [40,41]. PET imaging may be very helpful in the investigation of 

metabolism and uptake of nutrients in brain, allowing the investigation in human 

subjects. For example, a human study with 11C-labelled docosahexaenoic acid, 

allowed to characterize incorporation of DHA into brain tissue [40]. These studies 
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could help to design an effective dietary intervention and to estimate the doses of 

nutrients required for achieving a sufficient concentration in human brain tissue. 

In general, a disadvantage of this approach is that separate tracers need to be used 

for each individual nutrient. 

PET imaging of neuroinflammation may be a suitable alternative to monitor the 

effectiveness of an anti-inflammatory diet in patients. To our knowledge, PET 

studies on effect of anti-inflammatory diets in humans have not been performed 

yet.  

5.2. Peripheral inflammation 

In clinical practice, [18F]FDG is successfully used to image peripheral 

inflammation. [18F]FDG PET imaging is not suitable for measurement of 

neuroinflammation because of the high physiological uptake of this tracer in the 

brain. Therefore, other tracers have to be used for brain imaging of inflammation, 

for example TSPO tracers. 

5.3. Neuroinflammation 

The most widely used TSPO tracer for the measurement of neuroinflammation, 

[11C]PK11195, has a low signal-to-noise ratio, which hinders the detection of subtle 

changes, especially in small animals. In fact, [11C]PK11195 PET imaging was able 

to detect neuroinflammation caused by abdominal surgery, but could not detect 

any effect of dietary intervention, as was described in chapter 6 of this thesis.  

Therefore, new PET tracers with improved image properties have been developed, 

such as [11C]PBR28, [18F]PBR06, [18F]FEPPA, [11C]DAA1106, [11C]DPA713, 

[18F]DPA714 and [18F]PBR111. These tracers have a higher binding affinity for 

the TSPO. This facilitates the detection of subtle changes in TSPO expression in 

animals. However, in humans, the binding affinity of the second generation TSPO 

PET radioligands is strongly affected by TSPO receptor polymorphism in 

Ala147Thr. This results in a trimodal distribution in binding affinity of the tracer 

(low, medium and high affinity) [42,43]. Although testing for polymorphism allows 

exclusion of subjects with the low-binding polymorphism, this requires additional 

procedures and may introduce a significant bias, as the impact of the 

polymorphism on the process of interest is generally not known. For this reason, 

development of new tracers for new targets involved in neuroinflammation in 

humans might be the best approach. At the current stage, we still consider 

[11C]PK11195 as the best tracer to investigate neuroinflammation in humans, since 
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its uptake does not depend on TSPO receptor polymorphism. The sensitivity of 

[11C]PK11195 PET imaging can be increased by applying full quantification of 

receptor binding with pharmacokinetic modelling. At the moment, [11C]PK11195 

PET imaging seems to be the best approach for clinical investigations, while in pre-

clinical studies also the second generation TSPO PET radioligands can be used, 

since they are not affected by polymorphism in mice and rats. 

5.4. New tracers for PET imaging of peripheral and central inflammation 

Apart from TSPO receptors and glucose metabolism, also other targets are 

considered for the measurements of inflammation in central and/or peripheral 

tissues. These other targets include membrane markers on inflammatory cells (e.g. 

cannabinoid receptors), inflammatory cytokines (e.g. cyclooxygenase, matrix 

metalloproteinases, IL-2, TNF) and inflammation-related targets on blood vessels 

(e.g. integrin receptor, vascular adhesion protein-1, vascular cell adhesion 

molecule-1, vessel permeability). This has been reviewed in more detail elsewhere 

[42].  

In general, a disadvantage of TSPO receptor imaging is that these methods do not 

allow distinction between microglia, astrocytes and infiltrating macrophages. This 

could be solved with tracers targeting specifically one cell type. For example 

[11C]deprenyl, a tracer that targets monoamine oxidase B (MAO-B) which is 

specifically overexpressed by activated astrocytes, was used to detect astrogliosis in 

human patients with AD [44]. Furthermore, it is not known whether TSPO is 

overexpressed by both M1 and M2 type microglia/macrophages. M1 activation is 

the classical response of immune cells to infection or tissue injury, while the M2 

phenotype is characteristic for the alternative activation of immune immune cells in 

response to parasitic infections or allergens. Therefore, TSPO receptors 

measurement does not allow discrimination between these microglia phenotypes. 

More specific tracers, targeting one cell type or characteristic only to M1 or M2-

type inflammation, could allow more specific assessment of neuroinflammation by 

PET imaging. However, which markers can be considered characteristic for M1 or 

M2 activation is still debatable. Includible nitric oxide synthase (iNOS) is 

commonly used as a marker for M1 activation, while M2 activation seems to be 

more difficult to detect. Several markers of M2 activation are considered, for 

example C-Type Mannose Receptor 1 (CD206) and Hemoglobin-Haptoglobin 

Scavenger Receptor (CD163), early growth response protein 2 (Egr2) and arginase-

1 [45]. In vitro studies have shown that protein expression of many M2 markers is 
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low (e.g. arginase-1, CD206) or markers are non-selective (e.g. arginase-1). CD163 

has been proposed as a good M2 marker, but was shown to be unreliable when 

used alone. Therefore it is recommended for immunohistochemistry staining to 

analyze multiple markers for the M2 phenotype [46]. Investigation of new M1/M2 

markers is still in progress. For example, recent studies investigating expression 

patterns in different phenotypes of macrophages proposed CD38 and Egr2 as 

promising markers of M1 and M2 activation, respectively [47]. Molecules 

interacting with these markers may be considered as lead compounds for more 

specific tracers for inflammation. This, however, would require further validations. 

Moreover, immunohistochemistry markers are not always applicable for brain PET 

imaging. Recently, M2 activated macrophages were detected in tumors with PET, 

using [18F]Camelid Single-Domain Antibody Fragments in peripheral tissue tumors 

[48]. This method may be difficult to apply in brain imaging, since the passage of 

antibodies through blood brain barrier (BBB) is very limited. However, recent 

research has demonstrated a possibility to use antibody-based tracers in brain 

imaging [49]. 

In conclusion, the perfect tracer for imaging of neuroinflammation might be 

different for brain and peripheral imaging. In both cases, a high specificity, high 

signal to noise ratio and slow metabolism is desirable. For brain imaging, 

additionally a good passage of BBB is necessary. The TSPO receptor is not the 

optimal target and therefore other targets need to be found. Until then, TSPO 

seems to be the best-known target for brain imaging of neuroinflammation, 

although more sensitive tracers than PK11195 that are not sensitive to the TSPO 

polymorphism, are urgently awaited. 
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This study supports the hypothesis that nutrition can be

used as a new tool in the management of brain diseases

associated with neuroinflammation. Multi-nutrient

dietary supplementation aimed to modulate inflammation

affected parameters such as brain inflammation, brain

glucose metabolism and behaviour. These promising

results warrant this concept to be investigated further in

animal models and clinical studies.

The impact of  nutrition 

on neuroinflammation

in vitro and in vivo
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