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Introduction
Obesity is a current worldwide public health issue that affects 
the quality of life and increases the risk of developing meta-
bolic, cardiovascular and musculoskeletal diseases as well as 
some types of cancer.1 Mounting evidence indicates that 
obesity has also a detrimental impact on cognitive function.2 
In particular, several clinical studies have shown that indi-
viduals with a high body mass index display poor cognitive 
performances including reduced memory abilities and 
impaired decision making.3-5 Consumption of high-calorie 
diets, either rich in fat, sugar or both, is also positively associ-
ated with deficiencies in prospective memory and memory 
recall.6,7 Experimental studies in rodents have confirmed 
that obesity is accompanied by cognitive impairment and 
have further shown that hippocampal-dependent memory 

tasks are particularly sensitive to diet-induced obesity8,9,10 
(see Abbott et al11 for review).

Obesity is characterized by a low-grade inflammatory state 
which is assumed to be at the heart of the metabolic and car-
diovascular comorbidities experienced by obese individuals. 
Multiple lines of evidence show that obesity-related inflamma-
tion also underlies the cognitive impairments associated with 
this pathological condition. Actually, high-fat feeding results in 
the disruption of the blood-brain barrier (BBB) leading to neu-
roinflammation via the entry of pro-inflammatory cytokines 
and peripheral immune cells into the brain and the activation of 
microglia, the resident immune cells of the brain.12-16 Moreover, 
a positive association has been found between neuroinflamma-
tion and learning impairment in genetic or diet-induced experi-
mental models of obesity.17-20 In addition, the activation of the 
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immune response by the administration of lipopolysaccharide 
(LPS), results in reduced learning.21,22 The existence of a causal 
link between neuro-inflammation and cognitive dysfunction, is 
also supported by data showing that the intracerebral adminis-
tration of high concentrations of the pro-inflammatory 
cytokines IL-1β or IL-6 impairs memory formation in several 
learning paradigms.23-25 Similarly, transgenic mice overexpress-
ing tumor necrosis factor alpha (TNF-α) in brain, exhibit 
impaired memory acquisition in the Morris water maze and 
passive avoidance tests,26,27 and IL-1β, IL-6 and TNF-α inhibit 
long-term potentiation (LTP), a cellular model of memory.28-33

However, although the correlation between neuroinflamma-
tion and cognitive impairment is well established, the mecha-
nisms by which an increase in the cerebral concentration of 
pro-inflammatory interleukins leads to learning and memory 
deficits are far from being fully established. In this respect, it is 
worth mentioning that IL-1β and TNF-α enhance the expres-
sion of indoleamine 2,3-dioxygenase (IDO).34-37 This enzyme 
catalyses the conversion of tryptophan (Trp) to kynurenine 
(KYN) which is the first and rate-limiting step of the kynure-
nine pathway (KP) of Trp metabolism. The subsequent transfor-
mation of KYN through a series of enzymatic reactions leads to 
the production of several neuroactive compounds and eventually 
to the synthesis of nicotinamide adenine dinucleotide (NAD+). 
Among the different products generated by the kynurenine 
pathway, quinolinic acid (QA), and kynurenic acid (KA) stand 
out for their impact on learning and memory as a result of their 
respective agonist and antagonist actions at the ionotropic gluta-
mate and α7 nicotinic acetylcholine receptors.38-42

Cerebral biosynthesis of KYN, takes place from Trp trans-
ported to the brain from the bloodstream where it is bound to 
albumin or in free form. Only in its free form Trp is able to cross 
the blood-brain barrier. Non-esterified fatty acids (NEFAs) bind 
to albumin at the same site as Trp so that an increase in plasma 
concentrations of NEFAs results in the displacement of Trp 
from its site of interaction with albumin, leading to an increase 
in the proportion of free Trp in the circulation and increased 
transport of Trp into the brain.43-45 The concentration of free 
tryptophan also increases as a result of its dissociation from albu-
min within the blood-brain barrier.46 In addition to diet, this 
process is modulated by physiological and metabolic factors.47

On the basis of all above observations, it can be hypothesized 
that obesity-related cognitive alterations involve a signaling cas-
cade triggered by the exacerbated production of pro-inflamma-
tory interleukins in the brain that would lead to the activation 
of tryptophan metabolism through the KP and eventually to the 
impairment by KA and QA of the memory process mediated by 
cholinergic and glutamatergic receptors. This signaling pathway 
would be favored by an enhanced entry of Trp into the brain 
resulting from an elevation of free Trp in blood as consequence 
of the displacement of Trp from albumin by NEFAs. Here we 
have tested this hypothesis by examining the learning capacities 
and the concentrations of tryptophan and kynurenine-derived 
metabolites in several brain regions of obese rats.

Materials and Methods
Animals and diet-induced obesity model

We used the free-choice high-fat high-sugar diet (fc-HFHS) 
obesity model as described by La Fleur et al48 with minor mod-
ifications. This model has the advantage of simulating the 
modern-day dietary environment of humans and of leading to 
a rapid increase in adiposity.48,49 Male and female Wistar rats 
( Janvier Labs, Le Genest Saint Isle, France), were fed either 
standard chow (controls), or exposed from weaning to high-fat 
food and to a 30% sugar solution in addition to standard chow 
and tap water (obese). High-fat food consisted in powdered 
standard chow mixed with pig fat in the proportion of 30 g of 
fat per 70 g of food. Sweetened condensed milk was used as a 
base to prepare the 30% sugar solution. Animals were housed 4 
per cage until they reached 300 g of body weight and 2 per cage 
thereafter and maintained under an inversed 12-/12-hour 
dark-light cycle (lights off at 7:00 AM), and at 21 ± 1°C with 
food and water ad libitum through all the experiment.

Behavioral analyses

Memory tests were performed under red light 2 hours after the 
beginning of the dark phase of the light-dark cycle in a labora-
tory adjacent to the housing room of the animals and recorded 
using the Viewpoint Videotrack system (Point Grey Research 
Inc., Richmond B.C. Canada), for offline analysis by 2 investi-
gators blind to the nutritional status of the animals. In a first 
set of experiments, the learning capabilities of 180-day-old 
male and female rats of both experimental groups (control and 
obese), were assessed using the novel object recognition test 
(NOR) as described by Ennanceur and Delacour.50 
Subsequently, the impact of obesity on the different compo-
nents of the memory process was evaluated in a different set of 
105-day-old male rats using the combination of the NOR and 
the novel object location (NOL) tasks.51 The NOR test was 
divided into 3 sessions: habituation, training and testing. 
During the habituation session, rats were allowed to freely 
explore an open-field arena (50 × 50 × 40 cm) for 20 minutes 
during 3 consecutive days. The fourth day, 2 identical objects 
were placed into the arena before introducing the rat and each 
animal was allowed to explore the objects for 7 minutes. 2 hours 
after this training phase, animals were returned to the arena in 
which one of the familiar objects has been exchanged for a new 
one. The time exploring each object was recorded and the 
learning capacity determined from the difference in time spent 
exploring the novel versus the familiar object. Preferential 
exploration of the novel object versus the familiar one indicates 
memory acquisition whereas an identical or similar time spent 
exploring the 2 objects means no learning. Object exploration 
was defined as sniffing or touching the object with the vibrissae 
or when the animal’s head was oriented toward the object with 
the nose placed at a distance of less than 2 cm from the object. 
The NOR-NOL test was carried out in the same way except-
ing that 2 additional testing sessions were carried out 24 hours 
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and 7 days after the first test session to evaluate, respectively, 
long term (LTM) and consolidated (CM) memories. In addi-
tion, in each of the test sessions, including the 2-hour session 
to assess short term memory (STM), both the new and the 
familiar objects were placed in a different location from the one 
they occupied in the previous session (see Pérez-García et al51 
for a complete description of the test).

Biological samples collection and processing

The day following the last NOR or NOR-NOL testing session, 
animals were deeply anesthetized with isoflurane 2 hours after 
the beginning of the dark phase of their light-dark cycle to 
obtain a blood sample by cardiac puncture and sacrificed imme-
diately after by cervical dislocation. The frontal cerebral cortex, 
brainstem and hippocampus were dissected and the serum sep-
arated from blood was split into 2 fractions. One of them was 
filtrated using an ultrafiltration device endowed with an Ultracel 
YM-T membrane with a pore size of 30 kDa (Millipore, France), 
to obtain serum free tryptophan. All brain samples were imme-
diately frozen after dissection in liquid nitrogen and stored at 
−70° C together with serum samples until analysis. Mediastinal 
and abdominal (omental, perirenal, retroperitoneal, epididymal, 
periovarian, perivesical, and parametrial), fat depots were dis-
sected, weighed and summed to provide a measure of body fat.

Metabolite determinations

Serum was assayed for insulin using an assay kit from Linco 
Research Inc. Triglycerides, cholesterol and fatty acids were 
analyzed by enzymatic methods (Triglycérides enzymatiques 
PAP 150, BioMérieux; Cholesterol RTU, Biomérieux; 
NEFA FS, DiaSys). Serum glucose concentrations were 
determined with a blood glucose monitor (Accu-Check®, 
Roche Diagnostics).

Analyses of tryptophan metabolism

Tryptophan and the metabolites generated by its catabolism 
through the serotonin (5-HT) and KYN pathways were quan-
tified in the brain-stem, hippocampus, frontal cortex and serum 
by ultra-performance liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) using the methodology described 
in detail by Zheng et al and Martimiano et al.52,53 In brief 
50 mg of tissue or 50 µL of serum were homogenized in 200 µL 
of an ice-cold solution of 2.7 mM EDTA containing 1% for-
mic acid and mixed with 10 µL of a pool of exogenous internal 
standards (500 µM D5-TRP, 2000 µM cafeic acid and 50 µM 
2-CAD). Subsequently, 200 µL of the homogenate were mixed 
with 500 µL of ice-cold acetonitrile and, after centrifugation at 
15 000g for 15 minutes at 4°C, the supernatant was recovered 
and evaporated to dryness under a stream of nitrogen at room 
temperature. Calibration curves were generated using serial 

dilutions of Trp, QA,5-HT, KYN, 5-HIAA, KA, and 
Xanthurenic acid (XA), in 2.7 mM EDTA containing 0.1% 
formic acid which were processed in the same way that the tis-
sue and serum samples. At the end, all dried samples were dis-
solved in 100 µL of EDTA 2.7 mM containing 0.1% formic 
acid and 5 µL of each sample were injected into the LC-MS/
MS system for analysis. Compounds were separated on a 
reverse Acquity HSS T3 column (2.1 × 100 mm, 1.7 µm, 
Waters Corporation, Milford, MA, USA) at 30°C with a linear 
gradient of the mobile phase B (acetonitrile containing 0.5% 
formic acid and 2.5 mM ammonium acetate) in the mobile 
phase A (water containing 0.5% formic acid and 2.5 mM 
ammonium acetate) and at a flow rate of 400 µL/min. The 
electrospray interface of the mass spectrometer was operated in 
positive ion mode and the multiple reaction monitoring mode 
was chosen for metabolite detection. Data acquisition and 
analysis were performed using MassLynx® and TargetLynx® 
software, respectively (version 4.1; Waters). Compound con-
centrations were calculated using calibration curves plotted 
from standard solutions.

Real time quantitative RT-PCR

A conventional Trizol extraction method was used to obtain 
total RNA from a fraction of the same tissue homogenate that 
was used for the quantification of Trp metabolites by mass 
spectrometry. Thereafter, 1 µg of purified RNA was treated 
with a DNase and reverse transcribed using the MultiScribe™ 
Reverse Transcriptase kit from Thermo Fisher according to the 
manufacturer’s instructions. The resulting cDNA was diluted 
40-fold in DNAse and RNAse free water and 5 µL of each 
cDNA diluted sample were used as template for amplification 
using an iCycler iQ Real-Time PCR detection system and 
SYBR Green as fluorogenic intercalating dye. Relative gene 
expression differences between control and obese animals were 
determined by the comparative 2−∆∆Ct method,54 using 18 S, 
β2-microglobulin or GAPDH transcripts as housekeeping 
genes. The applicability of the 2−∆∆Ct method was first vali-
dated by determining how the amplification efficiencies of the 
different transcripts, including those of the reference genes, 
varied with template dilution. These experiments showed that 
the efficiency of the PCR amplification was the same for all the 
genes and that the expression of 18 S, β2-microglobulin or 
GAPDH was not influenced by obesity. The sequences of the 
primers used for the amplification are as follows : Tryptophan 
hydroxylase 2 (TPH2), forward: ATC CCA AGT TCG CTC 
AGT TTT CTC, reverse: ACG CCC GCA GTT GAC CTT 
C; Indoleamine 2,3-Dioxygenase 1(IDO1), forward: CGT TGG 
TGA AGG ATC TGC TG, reverse : AGG GCT CTT CTG 
ACT TGT GG; Indoleamine 2,3-Dioxygenase 2 (IDO2), for-
ward: GGT GAC AGT CTT GGT GGA GAA G, reverse: GGT 
GTC CTG GCT GTG TTG C; Tryptophan 2,3-Dioxygenase 
(TDO2), forward: CAA GGT GAT GAC TCG GAT GC, 
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reverse: GGA ACT GAA GAC TCT GGA AGC; Kynurenine 
aminotransferase (KAT), forward GAA TTA CTC AAG GTT 
CCT CAC TG, reverse GAT GGT GCT TCC GTT CTC C; 
.Kynurenine mono-oxygenase (KMO), forward: GCT TCC 
AAC GCA TAC TGA TG, reverse: GGC AGG CAA CAG 
AAA GAA ATC; 3-hydroxyanthranilate 3,4-dioxygenase 
(HAAO), IL-6, forward: GCC CTT CAG GAA CAG CTA 
TGA, reverse: TGT CAA CAA CAT CAG TCC CAA GA; 
IL-1β, forward: AAT GCC TCG TGC TGT CTG ACC, 
reverse: GGG TGG GTG TGC CGT CTT TC; TNF-α, 
forward: CCA CCA CGC TCT TCT GTC TAC TG, reverse: 
GGC TAC GGG CTT GTC ACT CG; TLR2, forward: 
GTC TCC AGG TCA AAT CTC, reverse: CAG CAT CAC 
ATG ACA GAG, TLR4, forward: GAT TGC TCA GAC 
ATG GCA GTT TC, reverse: CAC TCG AGG TAG GTG 
TTT CTG CTA A; 18 S, forward: GAT GCG GCG GCG 
TTA TTC C, reverse: CTC CTG GTG GTG CCC TTC C; 
β2-microglobulin, forward: GAT GGC TCG CTC GGT 
GAC, reverse: CGT AGC AGT TGA GGA AGT TGG; 
GAPDH, forward: CAG TAT GAC TCT ACC CAC GGC 
A, reverse: ATC TCG CTC CTG GAA GAT GGT G.

Statistical analysis

Experimental results were analyzed using software GraphPad 
Prism version 9. Data were first checked for normality by the 
Shapiro–Wilk normality test and the statistical differences 
assessed by unpaired Student’s t-test or 2-way ANOVA. 
Statistical significance was set at P < .05. Data are expressed as 
means ± SEM.

Results
Obesity impairs learning in male but not female rats

One hundred eighty day-old male and female rats exposed to 
the fc-HFHS diet developed a clearly obese phenotype charac-
terized by increased body weight and body fat as well as by 

enhanced serum levels of leptin and triglycerides (Table 1). In 
addition, obese females displayed higher serum concentrations 
of insulin and cholesterol in comparison to their respective 
control group (Table 1).

To address whether fc-HFHS feeding-induced obesity was 
affecting learning, animals were exposed to the NOR test using 
the standard protocol described by Ennaceur and Delacour.50 
This test assesses the animal’s capacity to distinguish a novel 
from a familiar object therefore providing a measure of recog-
nition memory. We chose this learning paradigm because it 
does not require the use of positive or negative reinforcements 
and it does not rely on the achievement of a physical activity 
that could be compromised by obesity. As illustrated in Figure 1, 
obese male rats showed a reduced ability to distinguish the 
novel object from the familiar one, indicating a decreased 
learning capacity, during a single test session performed 2 hours 
after the training phase of the NOR test. In contrast, no differ-
ence in exploration time for the novel versus the familiar object 
was observed in obese female rats compared to their control 
counterparts.

Fc-HFHS feeding enhances the expression of 
proinflammatory cytokines in brain

With the aim of identifying the components of the memory 
construction affected by the fc-HFHS diet, we performed a 
second experiment using only male rats. In addition, we decided 
to assess learning skills in younger animals (105-day-old) in 
order to distinguish the effects of obesity from those induced 
by aging. Indeed, aging entrains the decline of certain cognitive 
abilities, such as memory, visuospatial, and executive function 
abilities,55 and obesity accelerates the rate of aging.56

Similar to the 180-day-old animals, the 105-day-old rats 
that consumed the fc-HFHS diet, showed an obese phenotype 
characterized by enhanced body weight and increased adipos-
ity index in comparison with control rats (Figure 2A and B). In 
addition, they presented elevated levels of leptin (Figure 2C), 

Table 1. Anthropometric characteristics and serum metabolic profile of male and female 180 days-old rats exposed to the FcHFHS diet. 

MALES FEMALES

 CONTROL OBESE CONTROL OBESE

Body weight (g) 620 ± 11 770 ± 19**** 341 ± 6 454 ± 11****

Adiposity Index 6.35 ± 0.43 9.80 ± 0.38**** 6.45 ± 0.38 10.25 ± 0.39****

Leptin (ng/mL) 13.56 ± 2.02 24.28 ± 2.34** 7.27 ± 0.96 22.69 ± 3.03***

Insulin (ng/mL) 1.58 ± 0.21 2.99 ± 0.67 1.36 ± 0.45 3.41 ± 0.76*

Glucose (mg/dL) 163 ± 10.76 193 ± 19.97 175 ± 4.61 183 ± 10.06

Cholesterol (ng/dL) 73.62 ± 5.55 74.83 ± 2.90 63.98 ± 4.28 85.11 ± 5.23*

Triglycerides (ng/dL) 101 ± 10.96 151 ± 20.08* 137 ± 15.72 251 ± 84.09**

*P < .05; **P < .01; ***P < .001; ****P < .0001 compared to their respective male or female control group as determined by Student’s t-test. 
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insulin (Figure 2D), triglycerides (Figure 2E) and glucose 
(Figure 2F). In contrast, there was no difference in the circulat-
ing levels of free fatty acids between obese (29.43 ± 8.42 mg/
dL) and control animals (33.48 ± 8.25 mg/dL). fcHFHS fed 
rats displayed also increased levels of mRNAs encoding for 
IL-6, IL-1β, TNF-α, TLR2, and TLR4 receptors in the brain 
stem (Figure 3). In contrast, only the expression of TLR2 
mRNAs was enhanced in the hippocampus and frontal cortex 
of obese rats (Figure 3).

Obesity delays the acquisition of the memory trace 
but does not impair memory retrieval
To assess the learning and memory skills of young male rats, we 
used a behavioral paradigm based on the combination of the 
NOR and the Novel Object Location (NOL) tests (NOR-
NOL). This test allows the analysis of the 3 mains stages of the 
memory process,. that is, encoding, consolidation and retrieval 
(see Pérez Garcia et al,51 for a detailed description of the test 
and of its theoretical ground).

Figure 1. Impact of obesity on the cognitive skills of 6-month-old male (A) and female (B) rats. The learning capacity of the animals was tested using the 

standard NOR test. Bars correspond to the exploration time of each of the objects during a 7-minute period. No difference in object exploration time was 

observed between the different groups during the training session. In contrast, obese male animals were unable to distinguish the novel object from the 

familiar one as shown by the almost identical exploration time of the 2 objects. Learning tests were performed at the beginning of the dark phase of the 

animal’s dark-light cycle with a total number of 8 to 12 animals per experimental group.
**P < .01; ***P < .001 (Student’s t-test). §§§P < .001 (2-way ANOVA). 
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As illustrated in Figure 4, obese rats displayed reduced ability 
to distinguish the novel object from the familiar one 2 hour after 
the encoding session. In contrast, clear differences in explora-
tion time for the novel versus the familiar object were observed 
in both control and obese animals during the test sessions per-
formed 24 hours and 7 days after training. This result indicates 
that, at least under our experimental conditions, obesity impairs 
the capacity to encode new information but not the capacity to 
remember a previously encoded and stored memory trace.

Obesity impairs brain kynurenine pathway 
metabolism

With the aim of determining the potential contribution of Trp 
metabolites to the learning deficits observed in obese animals, 
Trp and several products spanning its metabolism through 
the 5-HT and KYN pathways were quantified by LC-MS/
MS in the brain stem, hippocampus and frontal cortex of 
control and obese rats. Quantified metabolites included 5-HT 
and 5-HIAA (5-HT pathway); KYN, KA, XA, QA, nicotinic  
acid (NA) nicotinamide (NAm), and NAD+ (KYN pathway). 

The results of these analyses showed that the concentrations 
of XA, QA, Nam, and NAD+ in the hippocampus are 
enhanced by fc-HFHS feeding-induced obesity (Figure 5A). 
We also found increased levels of KYN in the brain stem 
(Figure 5B) and of NAD+ in the frontal cortex (Figure 5C) 
of obese rats in comparison to the control group. Otherwise, 
there were no differences between control and obese rats in 
the levels of all other quantified tryptophan metabolites 
(Supplemental Table 1).

To get insight into the mechanisms underlying the enhanced 
concentration of KYN breakdown products in the brain of 
obese animals, the expression of mRNA transcripts encoding 
key enzymes of Trp and KYN metabolism was evaluated by 
quantitative real-time PCR. We observed an enhanced expres-
sion of TPH2 and of kynurenine 3 monooxygenase (KMO), 
which is involved in the metabolic pathway leading the conver-
sion of KYN to QA, in the brain stem of obese rats as com-
pared to controls (Figure 6). Likewise, mRNA levels encoding 
for KAT—the enzyme that catalyses the catabolism of KYN 
into KA- and KMO were enhanced in the hippocampus and 
frontal cortex of obese rats (Figure 6).

Figure 2. Body weight (A), adiposity index (B), and serum levels of leptin (C), insulin (D), triglycerides (E) and glucose (F) exhibited by  105-day-old 

control and obese male rats. Animals were made obese by exposure to a FcHFHS diet from weaning. Data represent the mean ± SEM from a total 

number of 8 animals per experimental group.
*P < .05; **P < .01; ***P < .001 as determined by Student’s t-test.
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Impact of obesity on peripheral kynurenine pathway 
metabolism

The metabolism of KYN within the brain, is in part dependent 
on the availability of free Trp in blood as well as on the periph-
eral concentration of KYN which can readily enter into the 
brain. We therefore evaluated the concentrations of total and 
free Trp as well as the levels of KYN and its metabolites in 

serum. Consumption of the fcHFHS diet did not alter neither 
the total nor the free circulating levels of Trp (Supplemental 
Table 2). Likewise, no differences were detected in the serum 
levels of KYN pathway metabolites with the exception of a 
decrease in the concentration of QA (Figure 7A), which was 
paralleled by a decrease in the expression levels of IDO2 and of 
HAAO mRNAs in liver (Figure 7B and C).

Discussion
A large number of epidemiological studies and animal investi-
gations show that obesity is associated with learning and mem-
ory impairment. However, the mechanisms underlying this 
cognitive alteration remain largely to be determined. The 
results presented herein provide compelling evidence for the 
involvement of the kynurenine pathway of tryptophan metab-
olism in obesity-induced cognitive deficits. Namely, adult rats 
that became obese by exposure to a fc-HFHS diet, showed 
learning difficulties characterized by a decreased ability to 
acquire new information but not to remember a previously 
encoded memory trace. These alterations were associated 
enhanced production of QA, XA, Nam, and NAD+ in the 
hippocampus along with upregulated expression of mRNAs 
coding for KMO, an enzyme involved in the transformation of 
KYN into XA and QA.

QA is known for its neurotoxic action and its deleterious 
effects on learning,41,57 resulting from its action as an agonist of 
glutamate NMDA receptors. Indeed, overstimulation of these 
receptors by QA, leads to massive calcium entry into the cell 
which results into free radical production, cytoskeleton disor-
ganization, apoptosis, and mitochondrial dysfunction.58 XA 
has also been shown to modulate the glutamatergic system via 
its interaction with the metabotropic receptors mGlu2 and 
mGlu3 and the inhibition of vesicular glutamate transporters 
(see Fazio et al59 for review). Although the effects of XA on 
memory are yet to be determined, it has been shown that 
administration of this compound reduces the amplitude of 
field excitatory postsynaptic potentials (fEPSP) in the hip-
pocampus,60 suggesting that an increase in the brain concen-
tration of XA could inhibit the neuronal plasticity which 
underlies the learning process.

Both QA and XA are by products of the neurotoxic branch 
of KYN metabolism. This pathway is initiated by the conver-
sion of KYN to 3-hydroxykynurenine (3-HK), by KMO. 3-HK 
is then converted to XA by kynurenine amino transferase and, 
subsequently, to 3-hydroxyanthranilic acid, QA and NAD+ by, 
respectively, kynureninase, 3HAAO and quinolinate phospho-
ribosyl transferase. Consistent with the increase in the concen-
tration of QA, the hippocampal content of NAD+ and of 
Nam, a by-product of the KP which serves as a precursor for 
NAD + synthesis via the salvage pathway, was also enhanced 
by obesity. Supplementation with Nam61,62 or NAD+63,64 in 
animal models of Alzheimer’s disease, aging or diabetes, have 
been shown to restore the cognitive defects that are associated 

Figure 3. Brain expression levels of mRNAs encoding for genes involved 

in inflammatory responses. Male rats were fed standard chow or 

rendered obese by exposure to a fcHFHS diet. Variations in gene 

expression were calculated by the 2-∆∆CT method using the expression 

of control animals as a calibrator. Data represent the mean ± SEM from a 

total number of 8 animals per experimental group.
* P < .05; ** P < .01 (Student’s t-test).
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Figure 4. Evaluation of the impact of obesity on the different components of the memory process. The learning capacity of 105-day-old male rats, was 

tested using a combination of the novel object recognition and novel object location tests. Bars represent the capacity of the animals to encode (2 hours), 

consolidate (24 hours), and retrieve (7 days), new information. Learning tests were performed at the beginning of the dark phase of the animal’s dark-light 

cycle. Data represent the mean ±SEM of the data from a total number of 9 to 12 animals per experimental group.
*P < .05 as determined by Student’s t-test.

Figure 5. Concentration of several metabolites derived from the metabolism of tryptophan through the kynurenine pathway in the hippocampus (A), brain 

stem (B) and frontal cortex (C) of 105-day-old control (white bars), and obese (grey bars), male rats. The concentration of the different metabolites was 

determined by liquid chromatography–tandem mass spectrometry using brain samples from 7 to 8 animals per group. Data are expressed in percentage 

of values in adult animals fed a standard diet. Absolute values in pmol/g of tissue of xanthurenic (XA) and quinolinic (QA) acids as well as of kynurenine 

(KYN) and NAD+, for control animals in the different brain regions are indicated in the corresponding white bars. 
*P < .05; **P < .01, ***P < .001 as determined by Student’s t-test.
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with these pathological conditions. It may therefore seem para-
doxical that the concentration of Nam and NAD+ is increased 
in obese rats while they show learning deficits. Nevertheless, 
negative effects on brain function have also been reported fol-
lowing the administration of these compounds.65,66 In particu-
lar, the degeneration of dopaminergic neurons and the motor 
deficit characteristic of Parkinson’s and Huntington’s disease 

are exacerbated by Nam injection.67,68 Similarly, in vitro studies 
in cell cultures or brain slices have shown that exposure to 
NAD + results in astrocyte cell death.69 Further research is 
needed to establish the relationship between increased brain 
NAD+ and Nam concentration and the learning deficits iden-
tified in the obese animals in this study.

The results of the present study also show that the changes 
in brain KYN metabolism in response to obesity differ by brain 
region. Thus, in contrast to the increase in QA, XA, Nam, and 
NAD + concentrations in the hippocampus, only the content 
of NAD+ was increased in the brain stem of obese animals. 
On the other hand, consumption of the high-calorie diet 
increased the concentration of KYN only in the frontal cortex. 
This differential response pattern, can be explained by the phe-
notypic and functional heterogeneity of microglial cells. Indeed, 
in the brain, the transformation of KYN into KA takes place 
predominantly in astrocytes, whereas the synthesis of 3-HK 
and other metabolites resulting from its transformation, includ-
ing QA, is carried out mainly in the microglia.70,71 The gene 
expression profile and physiological characteristics of micro-
glial cells vary from one brain region to another, including in 
response to an immunological challenge.72,73 In this respect, an 
observation of particular relevance to the present study, is that 
stimulation of the immune response by peripheral administra-
tion of LPS increases the proliferation, and thus density, of 
microglial cells in the dentate gyrus and subventricular zone of 
the hippocampus but not in the cortex.74

In order to determine the mechanisms underlying the altera-
tions in the brain concentration of Trp metabolites in obese ani-
mals, the expression level of the genes coding for the main 
enzymes regulating its metabolism was assessed by RT-PCR. 
The results of these analyses showed that obesity increases the 
expression of KMO in the 3 brain regions examined and up-
regulates the levels of mRNAs coding for TPH2 in the brain 
stem along with those of KAT in the hippocampus and frontal 
cortex. The increased levels of XA, QA and NAD+ in the hip-
pocampus, could therefore be consecutive to the enhanced KMO 
expression detected in this brain region. In contrast, obesity 
enhanced the expression of TPH2 in the brain stem without 
affecting the concentration of 5-HT. Similarly, there is no cor-
relation between the increased expression of KAT in the hip-
pocampus and frontal cortex and the absence of change in KA 
levels in these structures or between the increase in KYN con-
centration and the lack of change in KAT expression in the brain 
stem. It must be considered, however, that there are several levels 
of regulation between the synthesis of a given mRNA and its 
translation into a functional protein. These include the control of 
mRNA stability and translation efficiency as well as the post-
translational modifications and the level of degradation of the 
protein it encodes. Consequently, there is not always a direct cor-
relation between the expression levels of an mRNA and the con-
centration and/or functional activity of the protein which results 
from its translation. Another factor to consider is the lack of cel-
lular resolution of our analyses. Indeed, TPH2 expression takes 

Figure 6. Expression levels of mRNAs encoding for key enzymes of 

tryptophan metabolism through the kynurenine pathway in the brain of 

control and obese 105-day-old male rats. The expression of TPH2, IDO1, 

KMO, and KAT, was determined by real-time quantitative PCR. Variations 

in gene expression were calculated by the 2-∆∆CT method using the 

expression of control animals as a calibrator. Data represent the mean 

±SEM from a total of 8 animals per experimental group. White bars, 

control group; Grey bars, obese group.
*P < .05. **P < .01. ***P < .001 (Student’s t-test).
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place in serotonergic neurons located in the raphe nuclei which 
are part of, but that do not constitute, the entire brainstem. On 
the other hand, Trp metabolism via the KP in the brain takes 
place in glial cells, which are present in a slightly lower propor-
tion than neurons.75 Hence, the mixture of cell types on which 
the analyses were performed is a limitation of the present study. 
To overcome this limitation, it would be necessary to perform 
experiments on enriched preparations or primary cultures of glial 
cells. However, the separation of glial cells from neurons and 
their subsequent segregation into astrocytes and microglia in the 
adult brain, remains a highly challenging task.

We conducted analyses in the brain stem because both posi-
tive and negative actions on learning have been described for 
5-HT76,77 and because the raphe nuclei located within this 
brain region are the seat of serotoninergic neurons which 
innervate the whole brain. Concerning the hippocampus and 

the prefrontal cortex, these regions are considered to be the 
main areas underlying the memory process. It is indeed 
accepted that the encoding and retrieval of information relies 
on a bi-directional communication network between the hip-
pocampus and the prefrontal cortex. Within this network, the 
acquisition and consolidation of new information is carried out 
in the hippocampus while the retrieval of a memory trace is 
done in the frontal cortex (reviewed by Preston78). The 
increased concentration of QA in the hippocampus but not in 
the frontal cortex in obese animals, is therefore consistent with 
their cognitive deficit characterized by a difficulty in encoding 
new information. On the other hand, the fact that there were 
no differences between obese and control animals in the cere-
bral content of 5-HT or 5-HIAA, indicates that the cognitive 
disturbances linked to obesity result mainly from the alteration 
of Trp metabolism through the kynurenine pathway.

Figure 7. Concentration of quinolinic acid in serum (A) and gene expression levels of IDO2 (B), TDO2 (C) and HAAO (D) mRNAs in liver of control and 

obese 105-day-old rats. The concentration of QA was determined by liquid chromatography–tandem mass spectrometry whereas the expression of IDO2, 

TDO2, and HAAO mRNAs was determined by real-time quantitative PCR. Variations in gene expression were calculated by the 2-∆∆CT method using the 

expression of control animals as a calibrator.
Data correspond to the mean ± SEM from a total number of 7 to 8 animals per experimental group *P < .05. **P < .01 (Student’s t-test).
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It should be noted, however, that in contrast to our observa-
tions, Haleem and Mahmood,79 recently reported an increase in 
the concentration of Trp and 5-HIAA in the hippocampus of 
obese rats. Several factors may explain these discrepancies. First, 
the housing conditions of the animals and the obesity model dif-
fered significantly between the 2 studies. Thus, while in our case 
the animals were made obese by exposure to a free-choice high-
fat, high-sugar diet and were always housed at least 2 per cage and 
at a controlled temperature of 21°C, in Halem and Mahmood’s 
study the rats were fed exclusively with a high-fat diet and were 
housed individually at a temperature of 24 ± 2°C. Another 
important difference concerns the phase of the circadian cycle 
during which the animals were sacrificed, that is, during the dark 
phase in the present study versus the light phase in the study by 
Haleem and Mahmood. Interestingly, despite these experimental 
differences and the use of 2 distinct learning tests, the NOR-
NOL test in the present study and the water maze test in Haleem 
and Mahmood, in both studies obese animals showed reduced 
memory encoding. The analysis of other functional parameters of 
the serotonergic system, such as the quantification of the expres-
sion and the evaluation of the sensitivity of the 5-HT receptors 
involved in the regulation of the memory process, should allow to 
draw a definitive conclusion as to the involvement of 5-HT in the 
cognitive alterations induced by obesity.

The brain concentration of KYN is determined by its syn-
thesis in microglial cells from Trp and by the amount of 
kynurenine transported into the brain from the bloodstream 
since, unlike 5-HT, KYN can cross the blood-brain barrier.80 
At the peripheral level, 85% to 95% of Trp is bound to albumin 
and the remaining 15% to 5% flows in free form.81-83 Only free 
Trp can cross the blood-brain barrier via the large neutral 
amino acids (LNAA) transporter. The binding site of Trp on 
albumin is common to free fatty acids84 and, in fact, NEFAs 
inhibit, in vitro, the binding of Trp to albumin, thereby increas-
ing the concentration of free Trp.43,44 Furthermore, it has been 
shown that the administration of insulin increases the cerebral 
transport of Trp.85,86 This effect would be the result of a 
decrease in the blood concentration of LNAA, whose uptake 
by the muscle is stimulated by insulin, and thus of a greater 
availability of the LNAA carrier for the transport of free Trp 
into the brain. On the basis of these data from the literature, we 
hypothesized that the neuroinflammation triggered by the 
consumption of a high-calorie diet would activate the KP and 
that this process would be favored by an increased passage of 
Trp to the brain due to the stimulatory action of insulin on this 
process and the increase in free Trp in the bloodstream result-
ing from its displacement from albumin by free fatty acids.

However, contrary to our expectations, there was no differ-
ence in serum free Trp levels between control and obese animals 
despite the hyperinsulinemia of the latter. Obese animals also 
showed the same circulating levels of KYN and NEFAs than 
control animals. Several arguments can be advanced to explain 
these results. First, we deliberately euthanized the animals at the 
same time of the day and in the same nutritional status at which 
the memory tests were performed. That is, 2 hours after the 

beginning of the dark phase of their light-dark cycle and under 
fed conditions. However, the blood concentration of NEFAs 
decreases after each meal so that to observe any variation in the 
circulating level of these lipids, a period of food deprivation of at 
least 12 hours is necessary even in obese individuals. On the 
other hand, the deregulation of lipid metabolism induced by 
obesity is directly related to its severity. Actually, more than 
8 weeks of exposure to a hyperlipidic diet were required to 
observe an increase in serum NEFAs levels after an overnight 
fast in rats.87 Finally, the correlation between increased NEFAs 
concentration at the peripheral level and enhanced brain Trp88,89 
as well as the stimulatory effect of insulin on brain Trp trans-
port,86 have been documented only in fasted animals. Therefore, 
the results obtained in this study lead us to conclude that Trp 
metabolism at the peripheral level is not involved in the cogni-
tive alterations induced by obesity.

The first experimental series that was performed showed 
that obesity reduces learning capabilities in male animals but 
not in female rats. This observation is in agreement with sev-
eral reports in the literature indicating that there are sex dif-
ferences in how new information is processed within the 
hippocampus,90 and with the results of Hwang et al91 and 
Lord et al92 who showed that male mice or male rats made 
obese by exposure to a high-fat diet show learning deficits 
while their female counterparts exposed to the same nutri-
tional insult do not display any decrease in their memory 
capacity as compared to control animals. However, learning 
deficits in obese female rats have also been reported.93 These 
discordant results could be explained by the impact of sex hor-
mones on memory. Indeed, estrogens positively impact learn-
ing such that female rats generally exhibit better cognitive 
performances during the estrous phase of the estrous cycle 
when estrogen levels are at their highest.94-97 Unfortunately, 
the phase of the estrous cycle during the memory tests was not 
documented either in the present investigation nor in the 
aforementioned studies. In consequence, it remains to be 
determined whether the negative effects of obesity on learning 
in female rats are attenuated or exacerbated as a function of 
the phase of their estrous cycle.

In conclusion, the results of the present study show that, in 
rats, the learning deficit induced by obesity is characterized by 
a reduction of the capacity to acquire new information. This 
cognitive deficit is associated with a dysfunction of the cere-
bral metabolism of tryptophan through the kynurenine path-
way which results in increased concentrations of QA, XA, 
Nam, and NAD+ in the hippocampus. Given the major role 
of the hippocampus in the encoding process of memory and 
the negative effects of QA on learning, it can be reasonably 
proposed that altered kynurenine pathway metabolism con-
tributes to obesity-induced learning disabilities. The reduction 
of QA synthesis in obese animals through the blocking of 
IDO1 or KMO enzymatic activity with specific inhibitors, 
would add further support to this proposal and could pave the 
way for pharmacological treatment of obesity-related cogni-
tive alterations. The deleterious effects of obesity on cognition 
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were observed only in male animals indicating that they are 
sex dependent. Additional studies are needed to determine the 
extent to which the effect of obesity on cognition in female 
rats is modulated by sex hormones.

Acknowledgements
The authors are grateful to Amandine Lefebvre, Sandrine 
Suzanne and Alexis Gandon for the care of the animals.

Author Contributions
FBJ conceived the study and designed the experiments. 
CEMG, ADA, LARC, SOH and CA performed the experi-
ments and analysed the data. MC and AA performed the mass 
spectrometry analysis. ECG and EZ contributed with concep-
tual ideas. CEMG and FBJ wrote the original draft. All authors 
revised the manuscript and agreed to publish it.

Supplemental Material
Supplemental material for this article is available online.

RefeRenCeS
 1. Blüher M. Obesity: global epidemiology and pathogenesis. Nat Rev Endocrinol. 

2019;15:288-298.
 2. Dye L, Boyle NB, Champ C, Lawton C. The relationship between obesity and 

cognitive health and decline. Proc Nutr Soc. 2017;76:443-454.
 3. Cournot M, Marquié JC, Ansiau D, et al. Relation between body mass index and 

cognitive function in healthy middle-aged men and women. Neurology. 
2006;67:1208-1214.

 4. Dahl A, Hassing LB, Fransson E, et al. Being overweight in midlife is associated 
with lower cognitive ability and steeper cognitive decline in late life. J Gerontol A 
Biol Sci Med Sci. 2010;65:57-62.

 5. Pignatti R, Bertella L, Albani G, Mauro A, Molinari E, Semenza C. Decision-
making in obesity: a study using the gambling task. Eat Weight Disord. 
2006;11:126-132.

 6. Eskelinen MH, Ngandu T, Helkala EL, et al. Fat intake at midlife and cognitive 
impairment later in life: a population-based CAIDE study. Int J Geriatr Psychia-
try. 2008;23:741-747.

 7. Francis HM, Stevenson RJ. Higher reported saturated fat and refined sugar 
intake is associated with reduced hippocampal-dependent memory and sensitiv-
ity to interoceptive signals. Behav Neurosci. 2011;125:943-955.

 8. Heyward FD, Walton RG, Carle MS, Coleman MA, Garvey WT, Sweatt JD. 
Adult mice maintained on a high-fat diet exhibit object location memory deficits 
and reduced hippocampal SIRT1 gene expression. Neurobiol Learn Mem. 
2012;98:25-32.

 9. Farr SA, Yamada KA, Butterfield DA, et al. Obesity and hypertriglyceridemia 
produce cognitive impairment. Endocrinology. 2008;149:2628-2636.

 10. McNay EC, Ong CT, McCrimmon RJ, Cresswell J, Bogan JS, Sherwin RS. 
Hippocampal memory processes are modulated by insulin and high-fat-induced 
insulin resistance. Neurobiol Learn Mem. 2010;93:546-553.

 11. Abbott KN, Arnott CK, Westbrook RF, Tran DMD. The effect of high fat, high 
sugar, and combined high fat-high sugar diets on spatial learning and memory in 
rodents: A meta-analysis. Neurosci Biobehav Rev. 2019;107:399-421.

 12. Buckman LB, Hasty AH, Flaherty DK, et al. Obesity induced by a high-fat diet 
is associated with increased immune cell entry into the central nervous system. 
Brain Behav Immun. 2014;35:33-42.

 13. Salameh TS, Mortell WG, Logsdon AF, Butterfield DA, Banks WA. Disrup-
tion of the hippocampal and hypothalamic blood–brain barrier in a diet-induced 
obese model of type II diabetes: prevention and treatment by the mitochondrial 
carbonic anhydrase inhibitor, topiramate. Fluids Barriers CNS. 2019;16:1.

 14. Kanoski SE, Zhang Y, Zheng W, Davidson TL. The effects of a high-energy diet 
on hippocampal function and blood-brain barrier integrity in the rat. J Alzheim-
ers Dis. 2010;21:207-219.

 15. Rhea EM, Salameh TS, Logsdon AF, Hanson AJ, Erickson MA, Banks WA. 
Blood-brain barriers in obesity. AAPS J. 2017;19:921-930.

 16. Davidson TL, Monnot A, Neal AU, Martin AA, Horton JJ, Zheng W. The 
effects of a high-energy diet on hippocampal-dependent discrimination perfor-
mance and blood-brain barrier integrity differ for diet-induced obese and diet-
resistant rats. Physiol Behav. 2012;107:26-33.

 17. Pistell PJ, Morrison CD, Gupta S, et al. Cognitive impairment following high 
fat diet consumption is associated with brain inflammation. J Neuroimmunol. 
2010;219:25-32.

 18. Dinel A-L, André C, Aubert A, Ferreira G, Layé S, Castanon N. Cognitive and 
emotional alterations are related to hippocampal inflammation in a mouse model 
of metabolic syndrome. PLoS One. 2011;6:e24325.

 19. Almeida-Suhett CP, Graham A, Chen Y, Deuster P. Behavioral changes in male 
mice fed a high-fat diet are associated with IL-1β expression in specific brain 
regions. Physiol Behav. 2017;169:130-140.

 20. White CL, Pistell PJ, Purpera MN, et al. Effects of high fat diet on Morris maze 
performance, oxidative stress, and inflammation in rats: contributions of mater-
nal diet. Neurobiol Dis. 2009;35:3-13.

 21. Thomson LM, Sutherland RJ. Systemic administration of lipopolysaccharide 
and interleukin-1beta have different effects on memory consolidation. Brain Res 
Bull. 2005;67:24-29.

 22. Pugh CR, Kumagawa K, Fleshner M, Watkins LR, Maier SF, Rudy JW. Selec-
tive effects of peripheral lipopolysaccharide administration on contextual and 
auditory-cue fear conditioning. Brain Behav Immun. 1998;12:212-229.

 23. Rachal Pugh C, Fleshner M, Watkins LR, Maier SF, Rudy JW. The immune 
system and memory consolidation: a role for the cytokine IL-1β. Neurosci Biobe-
hav Rev. 2001;25:29-41.

 24. Gonzalez P, Machado I, Vilcaes A, et al. Molecular mechanisms involved in  
interleukin 1-beta (IL-1β)-induced memory impairment. Modulation by alpha-
melanocyte-stimulating hormone (α-MSH). Brain Behav Immun. 2013;34:141-150.

 25. Ma TC, Zhu XZ. Effects of intrahippocampal infusion of interleukin-6 on pas-
sive avoidance and nitrite and prostaglandin levels in the hippocampus in rats. 
Arzneimittelforsch. 2000;50:227-231.

 26. Pettigrew LC, Kryscio RJ, Norris CM. The TNFα-Transgenic rat: hippocampal 
synaptic integrity, cognition, function, and post-ischemic cell loss. PLoS One. 
2016;11:e0154721.

 27. Fiore M, Angelucci F, Alleva E, Branchi I, Probert L, Aloe L. Learning perfor-
mances, brain NGF distribution and NPY levels in transgenic mice expressing 
TNF-alpha. Behav Brain Res. 2000;112:165-175.

 28. Tancredi V, D’Arcangelo G, Grassi F, et al. Tumor necrosis factor alters synaptic 
transmission in rat hippocampal slices. Neurosci Lett. 1992;146:176-178.

 29. Butler MP, O’Connor JJ, Moynagh PN. Dissection of tumor-necrosis factor-α 
inhibition of long-term potentiation (LTP) reveals a p38 mitogen-activated pro-
tein kinase-dependent mechanism which maps to early—but not late—phase 
LTP. Neuroscience. 2004;124:319-326.

 30. Cunningham AJ, Murray CA, O’Neill LA, Lynch MA, O’Connor JJ. Interleu-
kin-1 beta (IL-1 beta) and tumour necrosis factor (TNF) inhibit long-term 
potentiation in the rat dentate gyrus in vitro. Neurosci Lett. 1996;203:17-20.

 31. Bellinger FP, Madamba S, Siggins GR. Interleukin 1 beta inhibits synaptic 
strength and long-term potentiation in the rat CA1 hippocampus. Brain Res. 
1993;628:227-234.

 32. Tancredi V, D’Antuono M, Cafè C, et al. The inhibitory effects of interleukin-6 
on synaptic plasticity in the rat hippocampus are associated with an inhibition of 
mitogen-activated protein kinase ERK. J Neurochem. 2000;75:634-643.

 33. Li AJ, Katafuchi T, Oda S, Hori T, Oomura Y. Interleukin-6 inhibits long-term 
potentiation in rat hippocampal slices. Brain Res. 1997;748:30-38.

 34. O’Connor JC, André C, Wang Y, et al. Interferon-gamma and tumor necrosis 
factor-alpha mediate the upregulation of indoleamine 2,3-dioxygenase and the 
induction of depressive-like behavior in mice in response to bacillus Calmette-
Guerin. J Neurosci. 2009;29:4200-4209.

 35. Robinson CM, Hale PT, Carlin JM. The role of IFN-gamma and TNF-alpha-
responsive regulatory elements in the synergistic induction of indoleamine diox-
ygenase. J Interferon Cytokine Res. 2005;25:20-30.

 36. Zunszain PA, Anacker C, Cattaneo A, et al. Interleukin-1β: a new regulator of 
the kynurenine pathway affecting human hippocampal neurogenesis. Neuropsy-
chopharmacology. 2012;37:939-949.

 37. Urata Y, Koga K, Hirota Y, et al. IL-1β increases expression of tryptophan 
2,3-dioxygenase and stimulates tryptophan catabolism in endometrioma stromal 
cells. Am J Reprod Immunol. 2014;72:496-503.

 38. Yamada K, Nabeshima T, Kameyama T. Impairment of active avoidance 
response in rats with continuous infusion of quinolinic acid into the lateral ven-
tricle. J Pharmacobiodyn. 1991;14:351-355.

 39. Pershing ML, Bortz DM, Pocivavsek A, et al. Elevated levels of kynurenic acid 
during gestation produce neurochemical, morphological, and cognitive deficits 
in adulthood: implications for schizophrenia. Neuropharmacol. 2015;90:33-41.

 40. Chess AC, Simoni MK, Alling TE, Bucci DJ. Elevations of endogenous kyn-
urenic acid produce spatial working memory deficits. Schizophr Bull. 
2007;33:797-804.

 41. Latif-Hernandez A, Shah D, Ahmed T, et al. Quinolinic acid injection in mouse 
medial prefrontal cortex affects reversal learning abilities, cortical connectivity 
and hippocampal synaptic plasticity. Sci Rep. 2016;6:36489.

 42. Rahman A, Rao MS, Khan KM. Intraventricular infusion of quinolinic acid 
impairs spatial learning and memory in young rats: a novel mechanism of lead-
induced neurotoxicity. J Neuroinflammation. 2018;15:263.



Mezo-González et al 13

 43. Curzon G, Friedel J, Knott PJ. The effect of fatty acids on the binding of trypto-
phan to plasma protein. Nature. 1973;242:198-200.

 44. Cunningham VJ, Hay L, Stoner HB. The binding of L-tryptophan to serum albu-
mins in the presence of non-esterified fatty acids. Biochem J. 1975;146:653-658.

 45. Curzon G, Knott PJ. Effects on plasma and brain tryptophan in the rat of drugs 
and hormones that influence the concentration of unesterified fatty acid in the 
plasma. Br J Pharmacol. 1974;50:197-204.

 46. Pardridge WM, Fierer G. Transport of tryptophan into brain from the circulat-
ing, albumin-bound pool in rats and in rabbits. J Neurochem. 1990;54:971-976.

 47. Fernstrom JD. Effects of the diet and other metabolic phenomena on brain tryp-
tophan uptake and serotonin synthesis. In: Schwarcz R, Young SN, Brown RR, 
eds. Kynurenine and Serotonin Pathways: Progress in Tryptophan Research. Springer 
New York; 1991;369-376.

 48. La Fleur SE, van Rozen AJ, Luijendijk MC, Groeneweg F, Adan RA. A free-
choice high-fat high-sugar diet induces changes in arcuate neuropeptide expres-
sion that support hyperphagia. Int J Obes. 2010;34:537-546.

 49. Slomp M, Belegri E, Blancas-Velazquez AS, et al. Stressing the importance of 
choice: validity of a preclinical free-choice high-caloric diet paradigm to model 
behavioural, physiological and molecular adaptations during human diet-
induced obesity and metabolic dysfunction. J Neuroendocrinol. 2019;31:e12718.

 50. Ennaceur A, Delacour J. A new one-trial test for neurobiological studies of 
memory in rats. 1: Behavioral data. Behav Brain Res. 1988;31:47-59.

 51. Pérez-García G, Guzmán-Quevedo O, Da Silva Aragão R, Bolaños-Jiménez F. 
Early malnutrition results in long-lasting impairments in pattern-separation for 
overlapping novel object and novel location memories and reduced hippocampal 
neurogenesis. Sci Rep. 2016;6:21275.

 52. Honório de Melo Martimiano P, de Sa Braga Oliveira A, Ferchaud-Roucher V, 
et al. Maternal protein restriction during gestation and lactation in the rat results 
in increased brain levels of kynurenine and kynurenic acid in their adult off-
spring. J Neurochem. 2017;140:68-81.

 53. Zheng X, Kang A, Dai C, et al. Quantitative analysis of neurochemical panel in 
rat brain and plasma by liquid chromatography-tandem mass spectrometry. Anal 
Chem. 2012;84:10044-10051.

 54. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2−ΔΔCT method. Methods. 2001;25:402-408.

 55. Harada CN, Natelson Love MC, Triebel KL. Normal cognitive aging. Clin 
Geriatr Med. 2013;29:737-752.

 56. Salvestrini V, Sell C, Lorenzini A. Obesity may accelerate the aging process. 
Front Endocrinol. 2019;10:266-316.

 57. Jhamandas KH, Boegman RJ, Beninger RJ. The 1993 Upjohn Award Lecture. 
quinolinic acid induced brain neurotransmitter deficits: modulation by endoge-
nous excitotoxin antagonists. Can J Physiol Pharmacol. 1994;72:1473-1482.

 58. Lugo-Huitrón R, Ugalde Muñiz P, Pineda B, Pedraza-Chaverrí J, Ríos C, 
Pérez-de la Cruz V. Quinolinic acid: an endogenous neurotoxin with multiple 
targets. Oxid Med Cell Longev. 2013;2013:104024.

 59. Fazio F, Lionetto L, Curto M, et al. Cinnabarinic acid and xanthurenic acid: two 
kynurenine metabolites that interact with metabotropic glutamate receptors. 
Neuropharmacol. 2017;112:365-372.

 60. Neale SA, Copeland CS, Uebele VN, Thomson FJ, Salt TE. Modulation of hip-
pocampal synaptic transmission by the kynurenine pathway member xanthurenic 
acid and other VGLUT inhibitors. Neuropsychopharmacology. 2013;38:1060-1067.

 61. Tarantini S, Valcarcel-Ares MN, Toth P, et al. Nicotinamide mononucleotide 
(NMN) supplementation rescues cerebromicrovascular endothelial function and 
neurovascular coupling responses and improves cognitive function in aged mice. 
Redox Biol. 2019;24:101192.

 62. Lee HJ, Yang SJ. Supplementation with nicotinamide riboside reduces brain 
inflammation and improves cognitive function in diabetic mice. Int J Mol Sci. 
2019;20:E4196.

 63. Green KN, Steffan JS, Martinez-Coria H, et al. Nicotinamide restores cogni-
tion in Alzheimer’s disease transgenic mice via a mechanism involving sirtuin 
inhibition and selective reduction of Thr231-phosphotau. J Neurosci. 2008;28: 
11500-11510.

 64. Chandrasekaran K, Choi J, Arvas MI, et al. Nicotinamide mononucleotide 
administration prevents experimental diabetes-induced cognitive impairment 
and loss of hippocampal neurons. Int J Mol Sci. 2020;21. doi:10.3390/
ijms21113756

 65. Braidy N, Liu Y. NAD+ therapy in age-related degenerative disorders: a benefit/
risk analysis. Exp Gerontol. 2020;132:110831.

 66. Hwang ES, Song SB. Possible adverse effects of high-dose nicotinamide: mecha-
nisms and safety assessment. Biomolecules. 2020;10:E687.

 67. Harrison IF, Powell NM, Dexter DT. The histone deacetylase inhibitor nicotin-
amide exacerbates neurodegeneration in the lactacystin rat model of Parkinson’s 
disease. J Neurochem. 2019;148:136-156.

 68. Naia L, Rosenstock TR, Oliveira AM, et al. Comparative mitochondrial-based 
protective effects of resveratrol and nicotinamide in Huntington’s Disease Mod-
els. Mol Neurobiol. 2017;54:5385-5399.

 69. Wang J, Yang J, Liu P, Bi X, Li C, Zhu K. NAD induces astrocyte calcium flux 
and cell death by ART2 and P2X7 pathway. Am J Pathol. 2012;181:746-752.

 70. Guillemin GJ, Smythe G, Takikawa O, Brew BJ. Expression of indoleamine 
2,3-dioxygenase and production of quinolinic acid by human microglia, astro-
cytes, and neurons. Glia. 2005;49:15-23.

 71. Guillemin GJ, Kerr SJ, Smythe GA, et al. Kynurenine pathway metabolism in 
human astrocytes: a paradox for neuronal protection. J Neurochem. 
2001;78:842-853.

 72. Scheffel J, Regen T, Van Rossum D, et al. Toll-like receptor activation reveals 
developmental reorganization and unmasks responder subsets of microglia. Glia. 
2012;60:1930-1943.

 73. Wendeln AC, Degenhardt K, Kaurani L, et al. Innate immune memory in the 
brain shapes neurological disease hallmarks. Nature. 2018;556:332-338.

 74. Furube E, Kawai S, Inagaki H, Takagi S, Miyata S. Brain region-dependent 
heterogeneity and dose-dependent difference in transient microglia popula-
tion increase during lipopolysaccharide-induced inflammation. Sci Rep. 
2018;8:2203.

 75. von Bartheld CS, Bahney J, Herculano-Houzel S. The search for true numbers of 
neurons and glial cells in the human brain: A review of 150 years of cell counting. 
J Comp Neurol. 2016;524:3865-3895.

 76. Meneses A. 5-HT systems: emergent targets for memory formation and memory 
alterations. Rev Neurosci. 2013;24:629-664.

 77. Seyedabadi M, Fakhfouri G, Ramezani V, Mehr SE, Rahimian R. The role of 
serotonin in memory: interactions with neurotransmitters and downstream sig-
naling. Exp Brain Res. 2014;232:723-738.

 78. Preston AR, Eichenbaum H. Interplay of hippocampus and prefrontal cortex in 
memory. Curr Biol. 2013;23:R764-R773.

 79. Haleem DJ, Mahmood K. Brain serotonin in high-fat diet-induced weight gain, 
anxiety and spatial memory in rats. Nutr Neurosci. 2021;24:226-235.

 80. Fukui S, Schwarcz R, Rapoport SI, Takada Y, Smith QR. Blood-brain barrier 
transport of kynurenines: implications for brain synthesis and metabolism. J 
Neurochem. 1991;56:2007-2017.

 81. McMENAMY RH, Oncley JL. The specific binding of L-tryptophan to serum 
albumin. J Biol Chem. 1958;233:1436-1447.

 82. Green AR, Aronson JK, Curzon G, Woods HF. Metabolism of an oral trypto-
phan load. I: Effects of dose and pretreatment with tryptophan. Br J Clin Phar-
macol. 1980;10:603-610.

 83. Stoner HB, Cunningham VJ, Elson PM, Hunt A. The effects of diet, lipolysis 
and limb ischaemia on the distribution of plasma tryptophan in the rat. Biochem 
J. 1975;146:659-666.

 84. McMenamy RH. Binding of indole analogues to human serum albumin. Effects 
of fatty acids. J Biol Chem. 1965;240:4235-4243.

 85. Daniel PM, Love ER, Moorhouse SR, Pratt OE. The effect of insulin upon the 
influx of tryptophan into the brain of the rabbit. J Physiol. 1981;312:551-562.

 86. Tagliamonte A, DeMontis MG, Olianas M, Onali PL, Gessa GL. Possible role 
of insulin in the transport of tyrosine and tryptophan from blood to brain. Adv 
Exp Med Biol. 1976;69:89-94.

 87. Liu D, Archer N, Duesing K, Hannan G, Keast R. Mechanism of fat taste per-
ception: Association with diet and obesity. Prog Lipid Res. 2016;63:41-49.

 88. Knott PJ, Curzon G. Free tryptophan in plasma and brain tryptophan metabo-
lism. Nature. 1972;239:452-453.

 89. Hutson PH, Knott PJ, Curzon G. Control of brain tryptophan concentration in 
rats on a high fat diet. Nature. 1976;262:142-143.

 90. Yagi S, Galea LAM. Sex differences in hippocampal cognition and neurogene-
sis. Neuropsychopharmacology. 2019;44:200-213.

 91. Hwang L-L, Wang C-H, Li TL, et al. Sex differences in high-fat diet-induced 
obesity, metabolic alterations and learning, and synaptic plasticity deficits in 
mice. Obesity. 2010;18:463-469. 2010.

 92. Lord MN, Heo J-W, Schifino AG, et al. Sexually dimorphic effects of a western 
diet on brain mitochondrial bioenergetics and neurocognitive function. Nutri-
ents. 2021;13:4222.

 93. Underwood EL, Thompson LT. High-fat diet impairs spatial memory and hip-
pocampal intrinsic excitability and sex-dependently alters circulating insulin and 
hippocampal insulin sensitivity. Biol Sex Differ. 2016;7:9.

 94. Frye CA, Duffy CK, Walf AA. Estrogens and progestins enhance spatial learn-
ing of intact and ovariectomized rats in the object placement task. Neurobiol 
Learn Mem. 2007;88:208-216.

 95. Walf AA, Rhodes ME, Frye CA. Ovarian steroids enhance object recognition in 
naturally cycling and ovariectomized, hormone-primed rats. Neurobiol Learn 
Mem. 2006;86:35-46.

 96. Sutcliffe JS, Marshall KM, Neill JC. Influence of gender on working and spatial 
memory in the novel object recognition task in the rat. Behav Brain Res. 
2007;177:117-125.

 97. Tuscher JJ, Fortress AM, Kim J, Frick KM. Regulation of object recognition  
and object placement by ovarian sex steroid hormones. Behav Brain Res. 
2015;285:140-157.


