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Highlights 

 Olfaction and feeding behaviors are tightly connected. 

 Olfactory functions are impaired in obesity and type 2 diabetes both in humans and animal 

models. 

 Decreased olfactory sensitivity could be due to hormonal and nutrients variations, 

inflammation, and reward system changes. 

 Bariatric surgery rapidly restores olfactory sensitivity in anosmic morbid obese patients. 

 

Abstract  

 

The olfactory system is at the crossroad between sensory processing and metabolic sensing. In 

addition to being the center of detection and identification of food odors, it is a sensor for most of the 

hormones and nutrients responsible for feeding behavior regulation. The consequences of 

modifications in body homeostasis, nutrient overload and alteration of this brain network in the 

pathological condition of food-induced obesity and type 2 diabetes are still not elucidated. The aim of 

this review was first to use both humans and animal studies to report on the current knowledge of the 

consequences of obesity and type 2 diabetes on odorant threshold and olfactory perception including 

identification discrimination and memory. We then discuss how olfactory processing can be modified 

by an alteration of the metabolic homeostasis of the organism and available elements on 

pharmacological treatments that regulate olfaction. We focus on data within the olfactory system but 

also on the interactions between the olfactory system and other brain networks impacted by metabolic 

diseases.  
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Abbreviations 

AgRP neurons = Agouti-Related Peptide-expressing neurons 

ARC = arcuate nucleus 

BMI = Body mass index 

BS = bariatric surgery 

DIO = diet-induced obesity 

GLP-1 = Glucagon-like peptide-1 

HFD = high fat diet 

HFHSD = high fat and high sucrose diet 

HOMA-IR = Homeostasic model assessment of insulin resistance 

LOT = lateral olfactory tract 

MOB = main olfactory bulb 

MMSE = Mini-Mental State Examination 

M/T = mitral and tufted 

NPY = Neuropeptide Y 

OM = olfactory mucosa 

ORN = olfactory receptor neurons 

OT = olfactory tubercle 

PCx = piriform cortex 

POMC = Pro-opiomelanocortin  

RYGB = Roux en-Y gastric bypass 

SG = sleeve gastrectomy 

SST = Sniffin’ Sticks Test 

T2D = type 2 diabetes Mellitus 

TRPV = transient receptor potential vanilloid ion channels 

TDI = olfactory threshold (T) odor discrimination (D) and identification (I) 

UPSIT = The University of Pennsylvania Smell Identification Test  
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1. Introduction 

 

1.1. Metabolic disease and food intake 

Metabolic diseases are driven by a combination of genetic predisposition and environmental factors. 

They eventually result in a dysregulation of energy balance driven by a reduced energy expenditure 

failing to compensate for enriched calorie intake. Obesity is a chronic relapsing disease characterized 

by a dysfunction of the biological system that regulates energy balance (Box 1). The prevalence of 

overweight and obesity is constantly increasing in Western countries (Czernichow et al., 2021) and it is 

suggested that by 2030 nearly 1 in 2 adults in the United States will be obese (Ward et al., 2019). This 

disease has deleterious consequences on many physiological factors and is associated with 

cardiovascular diseases, musculoskeletal disorders and cancers (O’Neill and O’Driscoll, 2015). Obesity 

dramatically increases the risk of type 2 diabetes (T2D) since one major consequence of an ectopic 

accumulation of triglycerides is insulin resistance and glucose intolerance that can lead to chronic 

hyperglycemia when pancreatic β-cell dysfunction occurs (Chatterjee et al., 2017).  

 

 

 

Metabolic causes of obesity include lipotoxicity of fatty acids per se chronically elevated in the blood, 

ectopic accumulation of triglycerides in the liver and skeletal muscles and also proinflammatory 

Box 1 

Obesity and Type 2 Diabetes Mellitus (T2D) 

Obesity, a chronic and relapsing disease, is a medical condition described as excess body weight 

due to adipose tissue expansion following triglyceride storage. In addition, ectopic accumulation of 

triglycerides outside adipose tissue and low-grade inflammation can lead to severe health problems 

by the functional impairment of major organs such as the pancreas, the liver, the heart and the brain. 

T2D, hypertension, dyslipidemia, cardiovascular disease, stroke, sleep apnea, gallbladder disease, 

gout, osteoarthritis as well as certain cancers are among the comorbidities associated with obesity. 

Two billion adults overweight, of those 650 million are considered to be affected by obesity (Body 

Mass Index ≥30 kg/m²). 13% of the world's adult population (11% of men and 15% of women) were 

obese in 2016. The prevalence of obesity across the world nearly tripled since the 1970’s and 

continues to rise (source: https://www.worldobesity.org/; https://www.who.int/news-room/fact-

sheets/detail/obesity-and-overweight). 

Type 2 Diabetes Mellitus (T2D) (90% of all diabetes cases) is also known as insulin-resistant 

diabetes, non-insulin dependent diabetes, and adult-onset diabetes. It is characterized by a cascade 

of events, usually starting by the appearance of insulin resistance (due to ectopic storage of 

triglycerides and low-grade inflammation in insulin-sensitive tissues, such as liver and skeletal 

muscles) which leads to impaired glycemia regulation, to exhausted pancreatic beta cell function and 

insulin secretion and finally to chronic hyperglycaemia. T2D is a major cause of blindness, kidney 

failure, heart attacks, stroke and lower limb amputationT2D is most commonly diagnosed in older 

adults, but is increasingly seen in children, adolescents and younger adults due to rising levels of 

obesity (80% of individuals with T2D are obese), physical inactivity and poor diet. The number of 

people with diabetes rose from 108 million in 1980 to 422 million in 2014 with a prevalence rate of 

approximatively 4.4% (source: https://www.diabetesatlas.org; https://www.who.int/news-

room/fact-sheets/detail/diabetes). 
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cytokines release from adipose tissue altogether leading to insulin resistance. However, obesity is also 

characterized by a bidirectional cross-talk between the brain and the periphery. Energy homeostasis 

regulation is supported by a large network of brain areas, including the brainstem, hypothalamus, and 

mesocorticolimbic structures, constantly monitoring the internal milieu through nutriment and hormone 

sensing. These parameters are integrated to generate adaptive food intake and autonomic/endocrine 

responses determining energy balance (Berthoud, 2004). However, these brain regions are highly 

susceptible to changes in peripheral signals in the context of obesity. As a result, many clinical studies 

showed an association between obesity and T2D and neurological impairments including structural 

effects with atrophy of brain regions, vascular and metabolism hypoactivity. Obesity impairs cognition 

and increases the prevalence of some neurodegenerative disorders such as Alzheimer’s disease (O’Brien 

et al., 2017; Mattson, 2019). As described by (Herbert and Pollatos, 2014), obese individuals have a 

reduced interoceptive sensitivity to internal hunger and satiation signals. Hence, their food consumption 

and food preferences are mainly driven by external food related cues. Indeed, the metabolic control of 

energy balance is not restricted to the management of internal milieu but is rather embedded in a much 

larger set of functions from sensations to hedonic (Saper et al., 2002; Berthoud and Morrison, 2008). 

Food has potent reinforcing and motivational properties and feeding is associated with sensations and is 

influenced by the context. The evaluation of pleasure provided by food and the metabolic consequences 

of their ingestion requires learning in order to associate sensory features with nutritional properties. 

Therefore, sensory inputs are decisive cues in assessing whether a food is palatable, i.e. provides a 

pleasant sensation when consumed; or if a food could be harmful or poisonous. In this context, smell is 

one of the most relevant sensory cues predicting food characteristics and is likely to play a key role in 

food choice and consumption (Boesveldt and de Graaf, 2017). The relation between olfaction and food 

intake has been established early on (Le Magnen, 2001; Yeomans, 2006) but did not receive much 

attention in the context of metabolic diseases until recently.  

Several diseases as well as normal aging can impair the sense of smell either partially (hyposmia) or 

totally (anosmia) (Boesveldt et al., 2017). Hyposmic or anosmic patients report a severe alteration of 

the quality of life. It is estimated that 5% of the population has altered olfaction. This number increases 

with age as more than 50% of the population aged between 65 and 80 years old show signs of olfactory 

impairment, increasing to up to 75% above 80 years old (Landis et al., 2004; Doty and Kamath, 2014). 

We have relatively poor knowledge of the consequences of obesity and T2D on olfactory brain regions 

and olfactory processing. Even though this problem has been underestimated it is important to 

understand what are the factors associated with metabolic syndrome that could be responsible for 

olfactory dysfunctions. The objective of this review is twofold: 1/ to increase awareness on olfactory 

impairments related to metabolic disease to improve medical care; 2/ to propose that probing olfactory 

function could be used as an early biomarker in clinics predicting the fate of energy metabolism 

disorders and cognitive impairments. 

 

1.2.  Flavor, smell and food intake 

The flavor of food is determined by the cerebral integration of taste, chemesthesis and smell, 3 senses 

closely linked by the location of their receptors on the face, and their convergent pathways and 

integration in the brain. Taste (sweet, salty, bitter, sour and umami) is detected by buds located on the 

tongue. Chemesthesis, is the activation of the somatosensory system by chemical stimuli. It relies on the 

activation of the trigeminal nerve which innervates the tongue, the olfactory epithelium, and also the 

main olfactory bulb (MOB) via a family of transient receptor potential vanilloid (TRPV) ion channels 

(Brand, 2006). For instance, the activation of the trigeminal nerve is responsible for the freshness of 

mint or the heat of spices. Finally, the sense of smell is predominant in the evaluation of flavor and 

determines all its richness and finesse: many people experiencing anosmia report a loss of “taste” even 

though the gustatory system remains fully functional. 
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Figure 1  

Diagram of the rat nasal cavity and brain shown in a lateral view and cross section diagrams through 

the nasal cavity at the location of the arrows. The main sensory epithelium is divided into four zones 

on the basis of the expression of different odorant receptor genes. Dashed lines show these 

approximate positions of these zones in the adult. Two other smaller regions of sensory 

neuroepithelium are present within the nasal cavities: the septal organ of Masera and the 

vomeronasal organ. (B) Schematic illustration of the olfactory epithelium showing the major cell types 

present in the rat epithelium. Reproduced from (Shipley et al., 2004) with permission from Pr Adam C. 

Puche.  

 

Olfaction is a chemical sense, which means that odorants are only perceived if there is physical contact 

between the olfactory receptor neurons (ORN) of the olfactory mucosa (OM) -located in the superior 

part of the nasal cavity- and the odor molecules carried by breathing (Firestein, 2001). The inner recesses 

of the human nasal cavity, defined laterally by three pairs of turbinates (or conchae) and medially by the 

nasal septum that bisects it, is lined by a mucous membrane called the respiratory mucosa (Moran et al., 

1982)(figure 1). Human respiratory and olfactory mucosa present distinct anatomo-functional features, 
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especially because the OM is the only (very small) region containing ORN (figure 2B). Inspiration 

captures molecules in the ambient air and conveys them to the OM through the orthonasal pathway, 

expiration allows odorants present in the mouth and released by chewing, to reach ORN via the 

retronasal route. There are about 400 different types of receptors on the surface of ORN in humans. Each 

receptor can recognize several molecules, and each odorant can activate several receptors. Because of 

its organization the olfactory receptor system has an extensive ability to decode odorant traits (Mori and 

Sakano, 2011; Mainland et al., 2014; Kurian et al., 2021). Projections from the ORN converge and form 

the olfactory nerve (cranial nerve I) that crosses the cranial bone at the level of the ethmoid bone. The 

olfactory information is then processed by the projection cells of the MOB (mitral and tufted (M/T) 

cells; figure 2AC) at the level of the olfactory glomerulus, a functional module responsible for 

modulating the signal from the receptors (figure 2C). M/T cells directly project through the lateral 

olfactory tract (LOT) to brain regions identified as the olfactory cortex, including the piriform cortex 

(PCx) the anterior olfactory nucleus and the olfactory tubercle (OT), but also the entorhinal cortex and 

the anterior and posterolateral cortical amygdala (Price, 1985)(figure 3). The absence of thalamic relay 

and the anatomical proximity with the limbic system confer a unicity in the organization of the olfactory 

circuits explaining why the sense of smell is imprinted by emotions, has a unique evocative power, and 

is characterized by robust and lasting memory capacity (Uchida et al., 2014). Except for the OT, 

structures of the primary olfactory cortex project back to the MOB by sending centrifugal fibers through 

the LOT to the granular and the glomerular layers (Matsutani and Yamamoto, 2008; Padmanabhan et 

al., 2019; Zandt et al., 2019): these forward-feedback loops conveyed by the LOT are essential for 

olfactory processing and memory.  

 

Figure 2 

A: Coronal section of the adult main olfactory bulb in the rat. B: MRI of normal-size olfactory bulbs 

(white arrowheads) on coronal T2-weighted imaging (left) and sagittal Fast Imaging Employing 

Steady-state Acquisition, FIESTA (right). Turbinates of the nasal cavity are also observed (blue 

arrowheads). With permission from (Braun et al., 2019). C: Organization of the main olfactory bulb in 

rodents. In the olfactory mucosa, olfactory receptor neurons which express the same odorant receptor 

converge onto the same glomeruli in the MOB. Olfactory glomeruli located at the surface of the MOB 

enclose the synapses between the olfactory sensory neurons and the M/T cells, principal output cells 
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(glutamatergic) of the structure. Granule and periglomerular cells (GABAergic interneurons) and 

glial cells (astrocytes) modulate olfactory information processing. Centrifugal fibers are constituted of 

inputs from the primary olfactory cortex and the neuromodulatory nuclei (noradrenaline, 

acetylcholine, serotonine). They contact granule and periglomerular interneurons.  

 

Figure 3  

A: Diagram of the neuroanatomical connections within the olfactory pathways. AON: Anterior 

Olfactory Nucleus. DMX: dorsal motor nucleus of the vagus nerve. SPN: sympathetic preganglionic 

neurons. Dorsal B: Ventral aspect of human brain, in colors are brain regions that receive 

information from the main olfactory bulb. This work by Cenveo is licensed under a Creative Commons 

Attribution 3.0 United States (http://creativecommons.org/licenses/by/3.0/us/).  

 

1.3. Bidirectional modulation between olfaction and food intake regulation  

Even though it is recognized in humans that smell strongly influences appetite and satiety (Yeomans, 

2006), the crosstalk between olfaction, food intake and energy metabolism in physiological conditions 

is still largely unknown.  

First, seemingly to the hypothalamus, the MOB is highly sensitive to modulation by hormonal signals 

related to metabolism and food intake. In this structure, the blood-brain barrier is more permeable than 

in other brain regions, and the density of blood capillaries in the superficial layers of the MOB, at the 

level of the glomeruli is particularly high (Ueno et al., 1991; Lecoq et al., 2009). In addition, the 

olfactory system (OM, MOB and PCx) express high levels of receptors for the main peptidergic and 

hormonal factors that accompany energy homeostasis, whether they are orexigenic (promote food 

intake) or anorexigenic (inhibit food intake). Many arguments suggest that the MOB in addition to 

processing odors can be considered as a metabolic sensor (see for a review Palouzier-Paulignan et al., 

2012). 



8 
 

Second, recent studies gathered evidence that odorants influence brain areas regulating food intake and 

energy expenditure and particularly the hypothalamus. This structure, primary integrator of circulating 

signal of hunger and satiety, contains autonomic neurons that regulate sympathetic and parasympathetic 

outflow (Luquet et al., 2010; Sladek et al., 2015). Chen et al. showed that in fasted mice, the mere 

presentation of food (and not its ingestion) has the same effect on the activity of the neurons of the 

arcuate nucleus (ARC) than the presence in the circulation of nutrients or hormones related to food 

intake. Food odorants inhibit Agouti-Related Peptide-expressing (AgRP) neurons and activate pro-

opiomelanocortin (POMC) neurons within seconds. Contrary to predictions, this result shows that 

sensory cues previously associated with food by animals (particularly its smell and sight) are processed 

by neurons of the ARC as a real-time information on the availability of food in the environment (Betley 

et al., 2013; Chen et al., 2015). Direct projections from the MOB to the ARC (Russo et al., 2018) could 

be involved in this connection albeit pathways from the MOB to the hypothalamus are still not clarified 

(Price et al., 1991; Garrison and Knight, 2017). There is no evidence for a direct projection from the 

ARC to the olfactory system but both POMC and AgRP neurons project onto orexin neurons located in 

the lateral hypothalamus, and interestingly these neurons have a direct projection to the MOB (Peyron 

et al., 1998; Shibata et al., 2008; Schneider et al., 2020). Moreover, cholinergic neurons of the basal 

forebrain have recently been found to have a powerful role in modulating feeding behavior (Herman et 

al., 2016), and could also be involved in the variation of olfactory perception. In mice, optogenetic 

stimulation of the basal forebrain glutamatergic projections to the lateral hypothalamus elicited both 

hypophagia and a potent food-odor avoidance behavior (Patel et al., 2019).  

Third, odorants are the most powerful distal cues to evaluate food palatability and hedonic content. Early 

work by Jacques Le Magnen in the 1960’s examined the influence of odors on food palatability and 

introduced the notion sensory specific satiety. When he fed rats with odorized food for 2 hours every 

day, he noticed that rats consumed 2 to 3 times more food when differently odorized food were presented 

in succession compared to the same amount of food associated with a single odorant (Le Magnen, 1956, 

2001). Indeed, the same odorant can be very appetizing on an empty stomach, acquire lower pleasantness 

after consumption and even become completely repulsive at satiety. But this affects specifically the 

consumed odorant (Cabanac and Duclaux, 1973; Duclaux et al., 1973; Rolls et al., 1981; Le Magnen, 

2001). Then, the olfactory system came into focus as an important contributor to unintentional weight 

gain (Morquecho-Campos et al., 2020). Given that olfactory signals are perceived before food 

consumption (orthonasal route), food odor exposure has been shown to enhance sensory-specific 

appetite (McCrickerd and Forde, 2016; Boesveldt and de Graaf, 2017), initiate cephalic phase responses 

(Ferriday and Brunstrom, 2011) and even increase meal sizes (Ferriday and Brunstrom, 2008) and 

calorie intake.  

 

To summarize, the olfactory system, the hypothalamus and mesocorticolimbic circuits form an 

integrative network for the regulation of energy metabolism and food intake. This network is deeply 

impacted by metabolic syndrome and specifically obesity and fat and carbohydrate enriched food 

consumption. However, the outcomes of metabolic syndrome on olfaction are still unclear. Until 

recently, olfactory testing lacked the proper standardization necessary to have an overview of olfactory 

characteristics linked with metabolic diseases. In the past few years, an increasing amount of data have 

been gathered on this topic. In parallel, studies of the link between olfaction and food intake in animal 

models have also expanded, arguing that the olfactory system is at the crossroad between sensory 

processing and metabolic sensing (Palouzier-Paulignan et al., 2012). Here we review evidence in 

humans and in rodents of the cost of energy rich food intake leading to metabolic diseases and its 

associated deleterious impact on olfactory processing. 
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2. Characteristic of olfactory modifications in the context of metabolic 

diseases 

 

2.1. Obesity and olfaction in humans 

Surprisingly enough, it is difficult to find a clear answer about the impact of obesity on olfactory ability 

and performances. Two systematic reviews are specifically focused on psychophysics evaluation of 

olfaction in obesity (Islam et al., 2015; Peng et al., 2019). As pointed by (Islam et al., 2015), a lot of 

studies have technical limitations regarding the lack of sample power, the gender balance, the age of the 

patients, accurate control groups and the procedures used to scale smell. With improvement of 

procedures used to test olfaction, and the increasing number of studies taking smell into account, more 

data are available on changes in olfactory processing in obese individuals.  

2.1.1. Clinical Olfactory Tests  

Different tests have been used in clinical studies, we will focus our review on the 3 main and 

standardized tests. In the last decade, the “Sniffin’ Sticks” test (SST) has become the most widely used 

tool for assessment of orthonasal olfactory performance, based on pen-like odor dispensing devices 

(Hummel et al., 1997). It assesses three subtests of olfactory function: olfactory threshold (T), odor 

discrimination (D) and odor identification (I), the sum of the results for the three subset being the “TDI” 

score. Odorant detection measure the lowest concentration of odorant detected by the subjects; the 

discrimination assesses if the subject can distinguish between different odorant compounds. Alteration 

on both parameters reflect an alteration of olfactory function, but discrimination can be impacted with 

an intact detection threshold. The identification is the ability to name an odorant from a list of 4 

alternatives for each odor. Based on obtained TDI score, functional anosmia is defined as a TDI score ≤ 

16.5, normosmia as a TDI score > 30.5 and hyposmia as a score between these two values. The 

University of Pennsylvania Smell Identification Test (UPSIT) is another commonly-used test. 

Participants are required to identify the smell of 40 “scratch-and-sniff” microencapsulated odorant strips 

from a forced choice of 4 possible answers. The total number of smells correctly identified is normalized 

by age and sex (Doty et al., 1984; Joseph et al., 2019).   

As described previously, odors are perceived through two classic pathways: via the nostrils, during 

sniffing, referred to as orthonasal olfaction, and via the mouth, during eating and drinking, referred to 

as retronasal olfaction. The perceived smell of food is based on the interaction between these two 

pathways (Bojanowski and Hummel, 2012). Contrarily to the tests described above the Candy Smell 

Test can test retronasal olfactory performances. It consists in placing a small candy with one target food-

related aroma on the tongue. Subjects are then asked to suck or chew the candy and name the target 

aroma out of a list of four to five possible answers in a forced choice manner (Renner et al., 2009; Besser 

et al., 2020). After each candy, subjects must rinse their mouth with water. The maximal attainable test 

score is 21 for the applied 21-item version of the Candy Smell Test also known as ‘Flavor Test’ (Nettore 

et al., 2020). A total of 21 aromatics (including one blank, water) are administered. The flavor score 

(FS) is calculated as the sum of correctly identified aromatics and ranged from 0 to 21. 
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2.1.2. Relation between orthonasal and retronasal olfaction and the BMI 

According to the World Health Organization (https://www.who.int/health-topics/obesity; 2021), 

overweight and obesity are defined as abnormal or excessive fat accumulation that may impair health. 

Body Mass Index (BMI) is a simple numeric measuring tool representing the weight in kilograms 

divided by the square of height in meters. An individual is considered overweighted when its BMI is 

comprised between 25 and 30 kg/m2, a BMI above 30 falls in the obesity range and a BMI of 40 or 

higher is categorized as severe or morbid obesity.  

Overall, pathologically high or low body weight or BMI is associated with reduced olfactory capacities. 

Aschenbrenner et al found that patients with eating disorders, such as anorexia nervosa or low weight 

bulimia nervosa (BMI<18), have lowered olfactory sensitivity that improved with increasing BMI 

(Aschenbrenner et al., 2008). Subjects suffering from severe obesity (BMI >45 kg/m2) are more likely 

to have olfactory dysfunction than moderately obese individuals (BMI>30 kg/m2), and elevated BMI is 

associated with a significantly increased olfactory thresholds (Obrebowski et al., 2000; Richardson et 

al., 2004; Simchen et al., 2006; Skrandies and Zschieschang, 2015; Fernández-Aranda et al., 2016; 

Fernandez-Garcia et al., 2017; Peng et al., 2019; Poessel et al., 2020b). Consistent results were reported 

in 2015 by (Patel et al., 2015) who found that 80% of individuals (19-85 years) with impaired olfactory 

performances were overweighted or obese. In middle-aged stage I-II non-diabetic obese patients (31 

women, 29 men, 50-70 years; 30>BMI>40 kg/m2, with metabolic characteristics in the physiological 

range including normoglycemia after fasting), olfactory deficit is significantly prevalent (Campolo et 

al., 2021). If the BMI is a simple measure of obesity, it is also correlated with hormonal changes which 

could be the cause of olfactory impairment, but very few studies have controlled these parameters. The 

relation between hormonal levels and olfaction will be discussed in the section 3.1. 

Flavor perception mostly relies on retronasal rather than orthonasal olfaction (Shepherd, 2006), but most 

of the studies investigating the effects of olfactory dysfunction on body weight essentially focused on 

orthonasal abilities, while only a few of them examined the retronasal odor perception. In a recent study 

conducted by (Besser et al., 2020), retronasal olfactory abilities were assessed in a group of 74 subjects 

(47 females, 27 males; 20–63 years) using the SST while retronasal olfactory functions were tested in a 

group of 66 subjects (42 females, 24 males; 20–59 years) using the Candy Smell Test. The author found 

that both orthonasal and retronasal olfactory abilities declined with higher BMI and suggested the need 

of further studies using established retronasal tests. A similar study by (Nettore et al., 2020), investigated 

retronasal olfaction using the Flavor test, a series of 20 aromatic extracts, in 420 subjects belonging to 

different BMI classes (276 females and 144 males, >18 years old; BMI 25.9 to 43.7). In those subjects, 

higher BMI inversely correlated with Flavor Score (FS): individuals with obesity had lower FS when 

compared to normal weight or overweight subjects. This effect was significant between 18 and 47 years 

old), whereas it was absent in older individuals (>47 years old).  

 

2.1.3.  Homeostatic and Hedonic regulation of olfaction in normal weighted vs obese 

individuals: discrepancy between food vs non-food odors 

It was hypothesized that the olfactory detection threshold was lower when hungry compared to being 

satiated, which would support the notion that a decrease in sensitivity is part of the food intake control 

mechanism. Older studies have shown that odor acuity was higher with higher degrees of hunger and 

that a meal was preceded by a period of decreased olfactory thresholds whereas a period of increased 

olfactory thresholds was observed after food intake (decreased sensitivity) (Goetzl et al., 1950; Hammer, 

1951). However, available data are not consistent and it is still unclear whether the satiety or the 

circadian clock are responsible for olfactory acuity change over daytime (Koelega, 1994). These 

https://www.who.int/health-topics/obesity
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discrepancies are also confounding for studies in obese individuals. When using neutral odors, Stafford 

and Welbeck observed that olfactory sensitivity was indeed higher in the non-satiated versus satiated 

state, and that this difference was increased in high BMI group compared to the low BMI group (19-49 

years) (Stafford and Welbeck, 2011). The authors did not show a difference in olfactory acuity in 

response to food odors in the satiated versus non-satiated state in a low BMI group. Nevertheless, the 

high BMI group had greater acuity for food odor in the satiated versus non-satiated state (Stafford and 

Welbeck, 2011). These data point to opposite effects in the relation between internal state and acuity for 

food and non-food odorants, and this effect is enhanced in obese individuals. Moreover, obese subjects 

(BMI>30; 18-24 years) were found to have higher sensitivity to odors with high hedonic value 

(pleasantness ratings) like chocolate odor (Stafford and Whittle, 2015). However, (Poessel et al., 2020b) 

used 3 different odors (n-butanol, chocolate and grass) in 75 young healthy participants (26 normal 

weight, 25 overweight, and 24 obese; 37 women; 18-35 years). They found no significant interaction 

between the quality of odor (food vs. non-food), hunger state, and BMI. Thus when focusing on 

chocolate odor, they found that higher BMI is associated with an increase in odor sensitivity in the sated 

state, but only on metabolically healthy individuals (optimal Homeostasic Model Assessment of Insulin 

Resistance (HOMA-IR) ≤ 1). Although data are not sufficient to conclude, there may be a dysregulation 

of the modulation of central odor sensitivity with nutritional state in obese. 

From a different perspective and at the other end of the hedonic spectrum, (Trellakis et al., 2011) found 

that pleasantness rates for the generally disliked odor of black pepper oil were significantly lower in 

obese compared with non-obese subjects (20-45 years). This implies that the association of an odor to 

bitter tasting foods of generally lower calorific value is more negative in obese versus non-obese 

individuals. Taken together, these findings show that obese individuals show increased sensitivity and 

preference for an odor associated with palatable energy dense foods.   

 

2.1.4. Effect of age and sex on olfactory performances in obese vs non obese individuals 

Nutrition is an important factor to consider in elderly people. Given that metabolic rate, energy intake, 

and macronutrient intake decrease with age, food selection can become critically important in 

maintaining energy balance (Wakimoto and Block, 2001). Age-related declines in various aspects of 

olfactory function have been documented and older individuals show higher olfactory detection 

thresholds: (Cain et al., 1990; Murphy et al., 2002).  

Most adults gain weight between the third and the sixth decade of life. After the sixth decade, a moderate 

weight loss is observed (Addison and Ryan, 2018). In line with these physiological facts, (Simchen et 

al., 2006) found that in adults (<65 years), an increasing body weight or BMI was associated with a 

lower odor identification and odor detection capacities. However, surprisingly, among elderly subjects 

(>65 years) higher relative body weight or BMI was associated with higher odor identification and odor 

detection abilities.  

In addition to BMI and age, the subject’s gender has been found to be associated with changes in 

olfaction. Within a normosmic population (85 males and 76 females; ages 19-95), women had better 

olfactory capabilities when compared to men of the same age (Ship et al., 1996). The effect of high BMI 

(obesity) on olfactory performances had been studied in both female and male groups but no study 

compared the interaction between BMI and gender on olfactory perception. Hence, further studies are 

needed to answer this question.  
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2.2. Type 2 diabetes and olfaction 

Changes in olfactory sensitivity were reported both in type 1 insulin-dependent Diabetes (mild hyposmia 

in T1D which is insulin-dependent but obesity-independent, (Yilmaz et al., 2019)) and T2D (Weinstock 

et al., 1993). Since most T2D patients are obese (~80%) and the pandemic of obesity explains the 

incidence and prevalence of T2D, we decided here to focus on smell function in T2D patients (Eckel et 

al., 2011). Indeed, a progressive rise in insulin resistance and a consequent progressive defect in insulin 

secretion makes the metabolic state of obese patients worsens slowly towards T2D (Box1).  

Smell dysfunction in diabetes was first reported 60 years ago (Jørgensen and Buch, 1961): even tested 

roughly and only with coffee, 35 over 69 patients were found hyposmic and 7 anosmic. No gustatory 

problems were detected confirming the lack of dysgeusia previously reported in T2D subjects (Bonatti, 

1950). Finally, no correlation between hyposmia and age or severity/duration of diabetes was observed 

but it was not indicated whether patients were T1D or T2D. Two excellent reviews thoroughly revisited 

studies dealing with the fate of olfaction in T2D patients from the 1960’s (13 articles reviewed in 

(Zaghloul et al., 2018)) and with a further systemic analysis (11 articles reviewed in (Kim et al., 2019)). 

Although most of the studies have checked for the absence of any Ear, Nose and Throat (ENT) problems, 

results are controversial: some studies clearly found olfactory deficits while others describe only mild 

impairment of olfactory function or intact smell. Methodological issues on the poor follow-up of 

olfactory function (Jørgensen and Buch, 1961; Hawkins and Pearlson, 2011; Seraj et al., 2015) on one 

side and the imprecise description of the metabolic state of patients (for example T1D not distinguished 

from T2D in (Jørgensen and Buch, 1961; Patterson et al., 1966; Brämerson et al., 2004; Gascón et al., 

2013) on the other seem to be the two major source of discrepancies. In addition, the correlation between 

BMI and smell defects in T2D observed by Naka et al. (2010) was not confirmed by Gouveri et al. 

(2014). However, if a classification of smell deficit is made according to the severity of T2D, results are 

more homogeneous: in fact, patients suffering from uncomplicated T2D had the least olfactory 

impairment (Naka et al., 2010) while accumulation of complications (retinopathy, neuropathy, 

hypertension…) was accompanied by profound hyposmia (Floch et al., 1993; Brady et al., 2013; 

Gouveri et al., 2014; Yazla et al., 2018; Catamo et al., 2021). In that sense, very recently, (Catamo et 

al., 2021) showed that 22% of 94 T2D patients had identification impairment in salt taste and 55% odor 

recognition (SST) compared to control subjects. In the same study, 65% of hypertensive T2D subjects 

presented smell identification impairment compared to 18% of non-hypertensive patients underlying 

again the fact that T2D with complication strongly impairs olfaction. Micro- (retinopathy, Gouveri et 

al., 2014) and macro- (coronary artery disease and peripheral vascular disease with a likely ischaemic 

damage to the olfactory system, (Weinstock et al., 1993)) vascular damages were shown to be associated 

with poor olfactory scores and could contribute to the overall olfactory impairment described so far. 

Self-reported profound hyposmia was also observed for T2D patients on aggressive treatments including 

oral and insulin treatment, i.e. with higher severity, compared to those who reported no use of drug 

treatment (Chan et al., 2018). Like earlier, these authors did not find an association between diabetes 

duration and prevalence of olfactory dysfunction. However, noteworthy, in elderly populations (age 68-

77), altered olfaction in T2D patients was reported to be associated with cognitive decline (Sanke et al., 

2014).  

 

2.3. Bariatric surgery and olfaction 

Laparoscopic bariatric surgery (BS) procedures are used to induce weight loss in patients with extreme, 

morbid obesity (BMI > 40). These techniques mainly consist in Roux en-Y gastric bypass (RYGB) and 

sleeve gastrectomy (SG) (Angrisani et al., 2015). RGBP involves cutting the stomach in two to create a 

pouch out of the smaller proximal portion of the stomach, attaching it to the jejunum, thus bypassing a 

large part of the stomach and all the duodenum. In SG, the stomach is reduced to about 1/3 of its original 

size, by surgical removal following the major curve, leaving the stomach with a banana shape also called 
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a “sleeve-like” shape. SG permanently reduces the size of the stomach. Both RYGB and SG induce 

rerouting of nutrients to the small intestine, directly and faster respectively. They allow significative 

improvement in weight loss outcomes and obesity-related comorbidities such as diabetes (Koliaki et al., 

2017). They were shown to trigger profound changes in peripheral secretions, including the levels of 

key hormones involved in energy metabolism such as gut hormones ghrelin and GLP-1, leading to a 

lower weight set point (Moffett et al., 2021). Since it was observed that food preferences of obese 

patients after BS is significantly changed (Coluzzi et al., 2016), suggesting a modification of sensory 

perception, the influence of BS on chemical senses was explored recently. Since taste is not the focus 

of the present review, we advise to refer to the comprehensive reviews of (Nance et al., 2020) and 

(Ahmed et al., 2018) for the follow-up of gustatory performances after BS.  

Using a semi-quantitative taste and smell questionnaire, (Graham et al., 2014) reported that in 104 

patients (24–63 years) with RYGB, sensory changes in appetite, taste and smell were noted in 97, 73 

and 42 % of patients, respectively. With SST and focusing on morbidly obese patients, about 22.7 % of 

the 44 patients were found hyposmic by Holinski and colleagues (Holinski et al., 2015), showing 

significantly lower TDI scores than healthy controls. The same percentage of this cohort (15 RYGB and 

15 SG patients) presented dysgeusia probed with the taste strip test. Six months after BS, half of the 

hyposmic patients presented better olfactory function. 

(Hancı et al., 2016) performed SST in 54 morbidly obese patients (19–57 years) before SG then patient’s 

weight losses and TDI were estimated at first, third and sixth month post SG. Median TDI scores of the 

patients were significantly increased from 25 preoperatively to 32 in the first month, 37 in the third 

month, and 41 in the sixth month showing improvement in olfactory sensitivity in SG patients (as a 

reminder a TDI score >30.5 is the threshold for normosmia). (Jurowich et al., 2014) found a positive 

correlation between body weight loss and TDI scores after SG (15 patients) but not in 15 RYGB patients. 

In fact, some controversies exist on the higher impact of SG over RYGB on smell. First, SG patients 

showed no improvement in their olfactory function tested by SST (39 patients tested 24 hours post SG 

in (Pisarska-Adamczyk et al., 2021); 8 patients in (Enck et al., 2014)). In opposition, (Makaronidis et 

al., 2016) analyzed subjective appetite, taste, smell and food preferences before and after BS and 

reported olfactory improvement in 41% of the 98 RYGB patients compared to 28% of the 155 SG 

patients. In addition, (Melis et al., 2021) recently reported that both SG (n=21) and RYGB (n=26) had 

positive effects on taste and smell (tested by SST recovery) after surgery. These discrepancies may be 

due to multiple methodological reasons ranging from the number of patients in the cohort (from a dozen 

to more than 100) to the success rate of BS. In fact, successful surgery in the long term is a crucial factor 

in sensory recovery and food preference changes (Guyot et al., 2021). 

Surprisingly, changes in sensory sensitivity post-surgery could reach hyper-reactions leading to food 

aversions in patients who experienced more post BS weight loss and reduction in BMI (Makaronidis et 

al., 2016). (Graham et al., 2014) reported that 73% patients had aversion to specific foods after surgery, 

with meat products the most commonly cited. (Tichansky et al., 2006) also observed that many patients 

developed aversions to sweet foods and meats and that food preferences changed right after surgery (in 

68% of 82 RYGB patients). Sensory aversion is a complex emotional reaction implicating at least the 

amygdala and the insular cortex (Miranda, 2012; Münzberg et al., 2015), two brain areas that receive 

massive olfactory information (Mainland et al., 2014). Extended effects of BS on the overall sensory-

limbic networks should be studied by brain imaging techniques to give access to the brain activity 

underlying changes in olfactory aversion after surgery. 

 

2.4. Preclinical model of diet-induced obesity and olfaction 

Although most of the knowledge regarding impairment of olfaction in metabolic syndromes has been 

collected in humans, animal models are required to decipher the origin and mechanisms and to 
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understand what is the biological substrate of olfactory defects. Diet-induced obesity (DIO) models are 

considered the most accurate in reproducing the multidimensional aspect of human obesity combining 

genetic and environmental factors. They are based on the fact that in rodents –as in human- the 

consumption of food enriched in fat (using diet having a different percentage of fat and sucrose content) 

is positively correlated with body weight gain and elevation of plasma glucose, cholesterol, triglyceride, 

free fatty acid, and leptin levels (Ghibaudi et al., 2002; Hariri and Thibault, 2010).  

Numerous alterations in olfactory performances have been observed in diet-induced obesity (DIO) 

models in rodents. Behavioral testing shows that mice under high fat diet (HFD) have poorer olfactory 

performances. Lietzau et al have followed the evolution of olfactory performances during the 

development of obesity by comparing 3 groups of mice fed either with standard diet, HFD (54% energy 

from fat, 29% from carbohydrate) or western diet (42% energy from fat, 43% from carbohydrate). After 

1 month of HFD or western diet, no difference in the olfactory performances was observed compared to 

a regular diet fed group. After 3 months of diet, the HFD group started to spend more time to find a 

buried food (a piece of a protein bar), and the difference was significant for the 2 groups (HFD and 

western diet) after 8 months of diet (Lietzau et al., 2020). Another study in mice revealed different 

outcomes according to the sensory properties of the food used in the test (Tucker et al., 2012b). Using a 

peanut butter cracker, whose odorant properties were close to the fat food used for the diet they obtain 

an increase of the time necessary to uncover the food. However, this impairment was abolished when a 

chocolate treat was buried. The authors suggest that the fat diet impaired the detection of fat related 

odorants. Moreover, the same test performed on a genetically obese strain MC4R-null mice fed on 

regular diet did not show olfactory impairment (Tucker et al., 2012b). However, they did not find 

impairment in the capacity of obese mice to discriminate between two fatty acids (oleic and linoleic 

acid) that represent a large proportion of the used diet when tested in the habituation dishabituation test. 

This is in agreement with the study by Lietzau, in which HFD mice were impaired in novel odor 

recognition paradigm but not in discrimination capacity in habituation dishabituation test. Interestingly, 

mice fed with western diet, enriched in carbohydrate and rather associated with T2D, were impaired 

earlier than mice fed on HFD, suggesting a higher impact on cognitive processes. On the opposite, using 

HFD (Takase et al., 2016) found that performances in a habituation dishabituation task were impaired 

for DIO mice. Moreover, a similar deficiency was found in mice fed with the same fat diet but whose 

quantity eaten was adjusted based on their body weight each day so that their body weights were kept 

similar to those of the chow diet group, i.e. in non-obese non-diabetic mice consuming low quantities 

of HF (Takase et al., 2016). Finally, when challenged in an olfactory go-no go operant conditioning 

paradigm, HFD (60% fat) or mild FD (32% fat) fed mice failed to show good discriminatory 

performances compared to animals fed on chow diet (13% fat). In addition, obese mice were not able to 

learn the reversal of the task rules (Thiebaud et al., 2014). However, the limitation of these tests is that 

the olfactory component is only partial, they rather involve cognitive functions such as flexibility and 

memory that are known to be impacted in obesity (Yang et al., 2018). 

Findings on olfactory performances are similar in rat models. Lacroix et al 2015 compared the behavior 

of obesity-prone Sprague-Dawley rats fed with a high-fat/high-sucrose diet (HFHSD) with those of 

obese-resistant ones fed with normal chow. Obese rats also have poorer performances in finding a hidden 

almond cookie (Lacroix et al., 2015). After several consecutive days of testing, rats became more 

efficient to find the buried food, however this learning was affected in obese animals that did not 

improve their performances over time. On the other hand, when challenged in a conditioned odor 

aversion test, in which the animals have to choose between a bottle containing plain water or a bottle 

containing water odorized with the conditioning odor, obese rats drank less odorized water even for low 

odor concentration suggesting that they have an increased odor sensitivity. Authors also report 

modification in exploratory behavior. In lean rodents, the duration of exploration of a food odor is 

increased in fasted compared to fed animals (Prud’homme et al., 2009). However the difference 

according to the metabolic status is largely diminished in obese animals who spent less time sampling a 

food odor when fasted compared to lean controls (Badonnel et al., 2014; Lacroix et al., 2015). 
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Interestingly, in the conditioned odor aversion test, the obese rats spent more time sniffing the bottles, 

odorized or not (Lacroix et al., 2015).  

The consequences of T2D on olfaction have been assessed using the same tests (buried food and 

habituation-dishabituation) in the model of Goto-Kakizaki rats. The results recapitulated the clinical 

observations in humans with T2D showing an alteration of both olfactory detection and memory 

(Lietzau et al., 2018). 

Taken together these data are in agreement with results obtained in humans that metabolic alterations 

negatively impact olfactory performances. Moreover, the choice of the odorant and the type of odorant 

(food or neutral odor) could affect the outcome of the tests, in agreement with the results presented 

above in humans (cf 2.3.1). In addition, the use of precisely controlled food in rodents brings evidence 

suggesting that the energy content of food independently of the body mass or fat accumulation in the 

animals is a major contributor of olfactory defects, however, more studies are needed to support this 

hypothesis. 

 

3. What are the causes of olfactory defects related to metabolic diseases? 

 

Many hypotheses can be raised to explain how metabolic status and/or circulating nutrients 

concentration affect olfaction. Until recently, the human MOB was not accessible to functional imaging. 

Since it is now technically possible to use non-invasive technologies to examine this structure in patients, 

the field will expand (Fournel et al., 2020; Iravani et al., 2020). For now, most of the information we 

have on modification of the MOB functions by obesity of energy enriched food is provided by animal 

models. Even if studies on the consequences of obesity on the structures of the olfactory pathway are 

scarce, we can gain insight from the existing information on the link between the metabolic status and 

olfactory functions in physiological condition. As mentioned above, the olfactory system is strongly 

influenced by hormones and nutrients which regulation is profoundly altered in the context of obesity. 

For a complete review of the link between endocrine mechanisms and olfaction, the reader is referred 

to (Palouzier-Paulignan et al., 2012). We will mention here more recent results and hormonal changes 

related to obesity.  

 

3.1. Changes in hormone and nutrients levels can account for olfactory impairment 

 

3.1.1.  Insulin and glucose 

Obesity is characterized by the elevation of blood glucose and insulin resistance. Insulin, insulin 

receptors and the insulin dependent glucose transporter GLUT4 are found in olfactory regions, from the 

mucosa (Lacroix et al., 2008) to the PCx (Zhou et al., 2017; Al Koborssy et al., 2019), the anterior 

olfactory nucleus, and the OT (Hill et al., 1986). In the MOB, GLUT4 co-localized with IR insulin 

receptors in M/T cells and glomeruli (Julliard et al., 2017). Moreover, the MOB is the area of the central 

nervous system containing the highest concentration of insulin (Baskin et al., 1994), the highest 

concentration of insulin receptors (Hill et al., 1986) and the highest rate of degradation (Banks et al., 

1999). Insulin transport through the blood brain barrier at the level of the MOB is 2 to 8 times faster 

than for other regions of the brain (Banks et al., 1999). Interestingly, using extracellular fluid glucose 

concentrations measured in the MOB of Zucker leptin-receptor-deficient rat (fa/fa), Aimé et al, 2014 

reported that the MOB contained twice the amount of glucose found in the cortex, and in both regions, 

the values are 2-fold higher in obese fa/fa compared to lean rats. Finally, M/T cells in the MOB are 
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responsive to glucose concentration (Tucker et al., 2010; Aimé et al., 2014; Al Koborssy et al., 2014) 

and express molecular hallmarks of glucose sensing cells (Julliard et al., 2017). Taken together, these 

elements add to the hypothesis of the MOB as a metabolic sensor.  

 

In obese Sprague-Dawley rats fed with HFHSD, the number of insulin receptors in the MOB is 

decreased (Lacroix et al., 2015). However, the lack of sensitivity to insulin in DIO mice could also be 

explained by the physiological properties of the M/T cells of the MOB. In lean mice, insulin application 

enhances M/T cell excitability by increasing neuronal firing activity of M/T cells and decreasing 

interspike interval (Savigner et al., 2009; Fadool et al., 2011; Kuczewski et al., 2014). In DIO animals, 

the basal firing pattern of M/T cells is altered, formed by shorter action potential clusters separated with 

long pauses. In this condition, acute insulin stimulation dampened M/T cell modulation observed in lean 

animals (Fadool et al., 2011).  

In obese and lean young women (18-35 years), (Poessel et al., 2020b) measured insulin reactivity in 

response to food intake and found that insulin resistance was negatively correlated with food-related 

odorant (chocolate) independently of BMI. In elderly human population (>50 years), it was shown that 

insulin resistance (but not fasting blood glucose, glycohemoglobin or serum insulin levels) was linked 

to an increased risk of olfactory defect (Min and Min, 2018). Chronic administration of insulin in rodents 

was used as a way to recapitulate the insulin elevation in obese individuals. However, in mice models, 

long-term administration of insulin delivered intranasally did not affect olfactory behaviors, energy 

expenditure, or object memory recognition (Bell and Fadool, 2017). Hence, a possible mechanism of 

how high-fat diet perturbs insulin modulation of M/T cells has been extensively studied by the laboratory 

of D. Fadool. They investigated the role of Kv1.3, a voltage-dependent, insulin-regulated potassium 

channel predominantly expressed in M/T cells and a main contributor to the total potassium current in 

these neurons (Fadool et al., 2000). As expected, the deletion of Kv1.3 has metabolic impacts. Mice 

double mutant for Kv1.3 show improved insulin sensitivity and an elevated energy expenditure. When 

challenged with a moderately high-fat diet of 32% fat for 26 weeks, Kv1.3-/- mice fail to gain weight 

compared to their wild-type counterparts. Interestingly, removal of the MOB reverses their DIO 

resistance (Tucker et al., 2012b). These metabolic effects are accompanied by changes in the olfactory 

capacities as Kv1.3-/- mice are ‘‘Super-smeller’’, they have improved olfactory performances (Fadool et 

al., 2004). Interestingly, a polymorphism in the human Kv1.3 gene that functionally elicits a gain in 

function has been associated with impaired glucose tolerance, lower insulin sensitivity, and impaired 

olfactory ability in male homozygous carriers (Tschritter et al., 2006). 

 

3.1.2.  Ghrelin 

GHSR-1a type of ghrelin receptor is expressed in the different layers of the MOB and in the PCx. In 

lean rats, intracerebro-ventricular injection of ghrelin increases odor detection as tested in a conditioned 

odor aversion test (Tong et al., 2011). Ghrelin has also been related to sniffing as intra cerebroventricular 

injections of the compound enhanced exploratory sniffing in both rodents and humans (Tong et al., 

2011). Then ghrelin could act to increase olfactory sensibility and performance before a meal. Ghrelin 

level is decreased in obese individuals (Tschöp et al., 2001) and HFD in mice has also been shown to 

trigger central ghrelin resistance by reducing both receptors’ expression in the hypothalamus and AgRP 

neuronal responsiveness to ghrelin (Briggs et al., 2010; Naznin et al., 2015). Since ghrelin level is 

negatively correlated to BMI it is also negatively correlated to smell capability (Fernández-Aranda et 

al., 2016). Even though the independence of these two factors cannot be established, we can hypothesize 

that ghrelin resistance in HFD mice would reduce the impact of the metabolic status (fasted/fed) on 

olfactory perception and decrease its sensitivity. 
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3.1.3.  Leptin 

Leptin-dependent obesity has only been observed in rare cases of obesity in humans (O’Rahilly, 1998). 

Nevertheless, obesity has typically been associated with leptin resistance, i.e. the inability of exogenous 

or endogenous circulating leptin to initiate metabolic outcomes, such as anorexigenic effects in obese 

individuals. Yet, the role of leptin in obesity especially in humans is still unclear (Myers et al., 2010).  

Early studies have used animal models of leptin signaling dysfunctions to test odor perception. The 

ob/ob mice strain results from a spontaneous autosomal recessive mutation of the ob gene that produces 

leptin (Zhang et al., 1994). Very quickly during their growth these mice become overweight and develop 

metabolic syndromes characteristic of obesity: hyperphagia, transient hyperglycaemia and elevated 

plasma insulin concentration associated with an increase in the number and size of islet beta cells 

(Coleman, 1982). Obesity in ob / ob mice and the associated phenotypical alterations can be restored 

with exogenous administration of leptin. An analog model in rats is the Zucker strain, a genetic model 

of obesity driven by a mutation of the leptin receptor. The mutation causes an increase of food intake, a 

decrease of energy expenditure, hyperglycemia and insulin resistance (Yamashita et al., 1997). 

Contrarily ob/ob mice, the production of leptin is maintained but its affinity for the receptor is decreased.  

Obesity caused by leptin signaling deficiency is associated with an increased olfactory detection 

threshold as seen for a buried food test in ob/ob mice (Getchell et al., 2006) as well as in Ob Zucker 

leptin-receptor-deficient rat (fa/fa) in a conditioned odor aversion protocol (Aimé et al., 2014). The 

Zucker fa/fa rats also exhibited greater food-seeking behavior when exposed to both novel and familiar 

olfactory cues (Thanos et al., 2008). In DIO rats, no difference in leptin receptors either in the mucosa 

or in the MOB was found (Lacroix et al., 2015). In addition, ob/ob mice performed better than wild-type 

(WT) mice in the early stage of an odor discrimination task, and brain rhythms associated with odorant 

processing, which mark the functional dialogue between the MOB and the PCx, were largely modified 

(Chelminski et al., 2017). This suggests a broader role for leptin that would modulate neuronal activity, 

functional connectivity and memory between brain structures within the olfactory system.  

 

3.2. Alteration of the olfactory structures: from the olfactory mucosa to associative brain 

regions 

In obesity, a chronic caloric excess will lead to non-subcutaneous ectopic fat mass accumulation. An 

excess of adipose tissue favors inflammatory cascades associated with the secretion of pro-inflammatory 

adipokines. This condition is associated with impaired insulin signaling triglyceride storage and basal 

lipolysis and an increase in the circulating fatty acids. When present in excess in the circulation, fatty 

acids become lipotoxic and promote dyslipidaemia, while fat deposition in the muscle promotes insulin 

resistance and fat deposition in the pancreas promotes β-cell dysfunction and insulin resistance (O’Brien 

et al., 2017). This type of inflammation can have dramatic consequences in the brain. Since we showed 

in this review that olfactory function is blunted in obese patients (with or without T2D, (Campolo et al., 

2021)), in non-obese diabetic patients (Zhang et al., 2019), and even, in animal models, in non-obese 

non-diabetic mice fed with low quantities of HF (Takase et al., 2016), we postulate that inflammatory 

mechanisms in the brain are the main and early pathological events that could impair the olfactory 

system in all these different metabolic contexts. Noteworthy, fast HFD-induced inflammation is 

sufficient to decrease insulin sensitivity in non-obese non-diabetic rats (Cruciani-Guglielmacci et al., 

2005). 

 

3.2.1. The olfactory mucosa 

Enriched diet has highly deleterious consequences on brain structures and functions. This is well 

documented in the hypothalamus where (De Souza et al., 2005) noted abnormal concentration 
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circulating inflammatory markers including proinflammatory cytokines, IL-1, TNFα and IL-6 after 16 

weeks of high fat diet. Hypercaloric diet intake related inflammation triggers changes in astrocytes, 

microglia and tanycyte physiology as well as vascular hyperpermeability (García-Cáceres et al., 2019). 

Moreover, inflammation processes and astrogliosis appear to start after only a week of hypercaloric diet 

availability, well before fat accumulation and systemic inflammation (Thaler et al., 2012; Clyburn and 

Browning, 2019).  

In the olfactory system, highly deleterious inflammation has been documented as early as in the OM in 

mice fed with enriched food upon weaning and for 24 weeks. Similar effects on the mucosa are obtained 

using a high-fat diet (HF; 60%) or moderately high-fat diet (MHF;32%). Both conditions show an 

increase of microglial marker Iba-1 and a decrease in the number of ORNs in the OM due to apoptosis 

(Thiebaud et al., 2014; Fardone et al., 2019). The consequence of the reduced number of ORN is a 

decreased number of axonal projections to the glomerulus. Accordingly, apoptosis level is also increased 

in the OM of obesity-prone Sprague-Dawley rats fed with a HFHSD compared to obese-resistant rats 

fed with normal chow (Lacroix et al., 2015). This effect is accompanied by a decreased expression of 

insulin receptors, glucocorticoid receptors GLUT3 and GLUT4 and MCT1 type of monocarboxylate 

receptor with no difference in leptin receptors (Lacroix et al., 2015).  

The extracellular electrical activity of olfactory receptors in the mucosa can be measured by electro-

olfactogram recordings. HFD exposure causes a decrease in the amplitude of the electro-olfactogram in 

response to odorants (Thiebaud et al., 2014), showing an alteration of signal transduction and suggesting 

poorer signal transmission to the MOB. In addition, four weeks of enriched fructose diet triggered 

diabetes in mice which exhibited a decline in olfactory behavior correlated to decreased 

electrophysiological responses of olfactory neurons recorded as a population and individually (Rivière 

et al., 2016). 

 

3.2.2. The main olfactory bulb 

At the level of the MOB, DIO has a clear structural impact. In transgenic mice carrying a GFP tag on 

the M72 odorant receptor, (Fardone et al., 2019) have described that in the medial but not the lateral 

glomerulus targeted by the M72 receptors, the number of juxta-glomerular cells is decreased in mild or 

HFD compared to control mice. The excitability of those cells is also impaired. Under olfactory 

activation, juxta-glomerular cells surrounding the lateral glomerulus exhibited a loss of activity that was 

stronger for HFD than for mild FD, whereas juxta-glomerular cells surrounding the medial glomerulus 

were equally impaired for both diets (Fardone et al., 2019). No effect in MOB neurogenesis was reported 

after 8 months of HFD (Lietzau et al., 2020), on the other hand, a reduction of neurogenesis was reported 

in the T2D model of Goto-Kakizaki rats (Lietzau et al., 2018). Furthermore, (Soleimanzad et al., 2019) 

examined resting state and odor-evoked hemodynamic profiles in the MOB of 3 months and 8 months 

HFD-fed mice by laser speckle contrast imaging. They observed that the relative changes in cerebral 

blood flow during olfactory stimulation were impaired in HFD compared to lean mice. This impairment 

was independent of blood vessel density a parameter not altered in HFD mice, but could rather be due 

to the impact of insulin resistance on neurovascular coupling.   

In humans, a reduction in the MOB volume has previously been observed in pathologies presenting 

olfactory dysfunction, such as Parkinson’s disease, Alzheimer’s disease, schizophrenia, and depression 

(Turetsky et al., 2000; Thomann et al., 2009; Negoias et al., 2010). As observed in animals, an alteration 

of peripheral olfactory function can cause a reduction of the MOB volume associated with an alteration 

of olfactory performances (Gudziol et al., 2009). Thus, using MRI volumetric measurements in humans, 

studies have found a correlation between MOB volume and olfactory functions including odor threshold, 

odor discrimination, and odor identification (Rombaux et al., 2006; Buschhüter et al., 2008; Mazal et 

al., 2016). A recent study conducted by (Poessel et al., 2020a) showed that obesity and increasing BMI 
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were associated with reduced MOB volume. Accordingly, the size of the MOB was negatively correlated 

with several metabolic indexes, i.e. HOMA-IR, levels of plasma leptin and body fat percentage.  

 

3.2.3. The piriform cortex 

Very few studies have examined neuroplasticity associated with metabolic diseases in the PCx. No effect 

on the volume of the PCx nor on the neuronal activation of piriform neurons assessed using c-fos were 

reported after 8 months of HFD (Lietzau et al., 2020). However, in T2D Goto-Kakizaki rats, (Lietzau et 

al., 2018) observed a decrease in parvalbumin expression and impairment of neuroblast differentiation 

in the PCx. In addition, the number of GABAergic CB+ interneurons in the PCx dramatically decreased 

(~ 50%) in middle-aged T2D rats versus age-matched Wistar rats as a consequence of Calbindin-D28k 

down-regulation (Lietzau et al., 2016). Cellular stress characterized by increased JNK phosphorylation 

was also enhanced in T2D rats. Interestingly, both effects are counteracted by chronic treatment with 

the GLP-1 receptor agonist exendin-4 (Lietzau et al., 2016).  

Besides, the expression of monocarboxylate transporters (MCTs) MCT1 and MCT2 was increased in 

the neurons of PCx of HFD-fed mice (Pierre et al., 2007). In HFD mice cortical neurons presented a 

high expression of both MCT1 and 2 whereas in normal conditions, neurons express mainly MCT2 and 

only low levels of MCT1. This increase was also observed in ob/ob mice fed with chow diet, ruling out 

a direct effect of nutrients. MCTs are membrane transporters that carry lactate, pyruvate and ketone 

bodies allowing the import and use of alternative energy substrates in conditions of metabolic 

challenges. The authors suggest that overexpression of MCTs in neurons could be a response obesity-

related brain insulin resistance and its impact on the utilization of energy substrates by brain cells. This 

is consistent with the action of insulin and glucose on neuronal activity in the PCx (Al Koborssy et al., 

2019).  

  

3.3. Beyond the olfactory system: involvement of broader networks encompassing food 

intake regulation and reward 

 

3.3.1. Alteration of the mesocorticolimbic system could impact food odor perception and 

attraction 

Numerous evidence point to a clear link between pathways governing hedonic control of food intake 

and overconsumption of palatable food in the context of metabolic syndrome and obesity. Maladaptive 

modifications within the mesocorticolimbic system could lead to olfactory impairment and alter the 

hedonic value of food odor cues.  

In both hungry and satiated lean individuals, food odors presentation leads to higher activation of the 

anterior cingulate cortex, the insula and the putamen (ventral striatum) than the presentation of non-food 

odors. In addition, in hungry individuals both food and non-food odor stimulation activates the ventral 

tegmental area (Sorokowska et al., 2017). The frontostriatal loop, the connections between the striatum 

and the prefrontal cortex is dependent on dopamine release. This network subserves adaptive behavior 

hence alteration in the mesocorticolimbic system in the context of obesity is likely to change the 

perception of odorants. This pathway is known to be differentially activated in response to food-cue 

between obese and normal weighted individuals (Rothemund et al., 2007; Bragulat et al., 2010). More 

recently, a study by (Han et al., 2021) showed that despite their lower olfactory performances, obese 

individuals had enhanced activation of reward regions toward an odor of high energy content food 

(chocolate) compared to the odor of a low calories food (cucumber). More broadly, changes in general 

attentional processes in obesity could change the orientation of individuals toward food odor. Indeed, 

overweight and obese individuals present an enhanced reactivity to food cues (Hendrikse et al., 2015). 
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In the context of an olfactory priming paradigm, evoked potentials measured when subjects perceived 

visual food cues primed by food odors were different between groups with different BMIs (Zsoldos et 

al., 2021).  

In rodents, studies have shown that the OT could play a determining role in tagging the hedonic value 

of an odor (Millman and Murthy, 2020). This structure receives direct projections from the MOB and 

also from the ventral striatum, thus it belongs both to the olfactory cortex and the reward circuits. It 

receives projections from dopaminergic neurons in the ventral tegmental area which would be involved 

in the formation of olfactory preferences (Zhang et al., 2017). Likewise, increased activity of projections 

from the MOB towards the OT (Midroit et al., 2021) or from the Ventral Tegmental Area to the OT 

during odor exposure increases the attractiveness of odors (Zhang et al., 2017). Whereas it was not 

clearly established early on, the MOB receives direct projections from the reward system. Even though 

the tubercle does not project back to the MOB, there is some evidence for direct projections from the 

substantia nigra (Höglinger et al., 2015) and from Tyrosine Hydroxylase positive neurons of the Ventral 

Tegmental Area and the ventral pallidum (Schneider et al., 2020) to the MOB.  

To summarize, cerebral patterns elicited by food cues, and neural processing of hedonic olfactory 

information may be different in obese subjects. This difference could lead to a different level of 

awakening, including attention and motivation, provoked by food odor in obese individuals.  

 

3.3.2. A potential retrograde impact of the hypothalamus on odor processing  

It was shown that M/T cells project to ARC (Russo et al., 2018) and that Para Ventricular Nucleus cells 

in the hypothalamus respond to electrical stimulation of MOB (Guevara-Aguilar et al., 1988). Even 

though there is no evidence for a direct projection back from the arcuate nucleus of the hypothalamus 

to the olfactory system, we know that both POMC and AgRP neurons project onto orexin neurons 

located in the lateral hypothalamus, and interestingly there are direct projections of these orexin neurons 

to the MOB (Peyron et al., 1998; Gascuel et al., 2012). Besides, a recent work revealed the key role of 

the AgRP to paraventricular hypothalamus projections for hunger dependent food attraction by 

comparison with pheromone attraction (Horio and Liberles, 2021). The authors pointed the role of one 

of the principal neurotransmitters released by AgRP neurons, Neuropeptide Y (NPY) and its receptor 

NPY5R. Indeed, fasted NPY-KO mice failed to be more attracted by food odor than by pheromone 

contrarily to control mice, an effect reversed by injections of NPY5R agonists in the paraventricular 

hypothalamus. On the contrary, injection of NPY5R antagonists into the paraventricular thalamus 

blocked food-odor attraction in fasted mice. Then, the hypothalamo-olfactory network would control 

alliesthesia for food cues, i.e. the modulation in the reward value of a stimulus according to the internal 

state and the potential to move the body's physiological state towards homeostasis. An alteration of this 

mechanism in obesity could be responsible for the modification of olfactory processing of food vs. non-

food odors in obesity. 

 

3.3.3. Decrease in olfactory acuity by functional changes in the trigeminal activation  

Obesity also results in functional changes to the trigeminal system. In obese HFD mice, photophobic 

behavior is induced by a lower dose of capsaicin intradermally injected in the face and functional TRPV1 

expression is altered in trigeminal ganglion neurons (Rossi et al., 2016). Data are lacking regarding the 

activity of neurons connecting the trigeminal ganglion and the olfactory system in obese mice. However, 

in a study conducted in teenagers (10-16 years old) the impact of obesity on olfaction was shown to be 

stronger for odorants that stimulate both olfactory and trigeminal nerves than for odorants stimulating 

only the olfactory nerve (Obrebowski et al., 2000).  
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As mentioned previously, the trigeminal nerve activation participates to olfactory processing since the 

majority of odorants also activate the TRPV family of cation channels expressed at the endings of 

trigeminal fibers. Thus, alteration of the trigeminal system could cause olfactory changes observed in 

obese patients and contribute to a perceptual and cognitive difference in obesity as compared to non-

obese individuals. 

 

4. Pharmacological treatments 

 

Type 1 endocannabinoid receptor (CB1R) is expressed in the CNS and is notably implicated in the 

regulation of food intake. It was targeted by rimonabant, a CB1R inverse agonist investigated as a 

treatment for obesity and the metabolic syndrome, which triggered deleterious side effects on mood in 

some obese patients and was withdrawn in 2008, two years after its approval. The role of CB1R in food 

intake inhibition via the MOB has been studied: CB1R are implicated in the regulation of glutamatergic 

feedback projections to the MOB, more specifically those originating from the anterior olfactory cortex 

(Soria-Gómez et al., 2014b). These projections play a determining role in the activity of granule cells, 

the main GABAergic interneurons of the MOB. Hunger induces the activation of the CB1R in the 

olfactory circuits, and pharmacological activation of the CB1R, specifically at the level of the MOB, is 

sufficient to increase food intake, with an improvement in olfactory performance (Soria-Gómez et al., 

2014a). CB1R are also highly expressed in the PCx and are required for the expression of appetitive 

olfactory memory (Terral et al., 2019). Moreover, the endocannabinoid system is involved in the 

regulation of food intake in connection with the mechanisms of reward (Lau et al., 2017). The deletion 

of CB1 in dorsal telencephalic excitatory neurons regulating hedonic feeding behavior protects against 

pathological effects of DIO (Ruiz de Azua et al., 2021). However, the rescue of CB1 expression in 

glutamatergic neurons locally in the olfactory cortex partly restored DIO. The tone of the 

endocannabinoid system is enhanced in obesity and CB1 inhibitors are a strategy for obesity 

management (Behl et al., 2021). Consistently, elevated fasting plasma concentrations of the circulating 
endocannabinoid 2-arachidonoylglycerol (2-AG) in obesity are linked to a lower TDI score (Pastor et 

al., 2016). The modified activity of the endocannabinoid system and its connection with the mechanisms 

of sensory perception and reward could explain why obese individuals have different sensibility toward 

food and non-food odorants, and between neutral and appealing odorant compared to lean counterparts. 

A promising pharmacological approach would be to use CB1R as a target for both olfactory (Bhatia-

Dey and Heinbockel, 2020) and metabolic (Hirsch and Tam, 2019) problems but this strategy will need 

further clinical research in olfactory perception under cannabinoid therapeutics. Interestingly, a dual 

approach, combining a peripheral CB1R antagonist with a GLP-1R agonist was shown to potentiate the 

anti-obesity and anti-diabetic effects of GLP-1R agonist alone in DIO mice (Zizzari et al., 2021). 

Recent research studying the fate of smell in T2D has shown that Glucagon Like Peptide-1 (GLP-1) was 

an interesting hormonal target linking olfaction and T2D: (Zhang et al., 2019) studied 35 obese and 35 

non-obese people with T2D compared to 35 control subjects matched for age (35-70 years), sex, and 

education. Among the 35 obese subjects, 20 obese individuals with diabetes with inadequate glycemic 

control and metformin monotherapy received GLP-1 receptor agonist treatment (liraglutide and 

exenatide) for 3 months. Obese T2D subjects demonstrated lower score in the cognitive test (Mini-

Mental State Examination, MMSE) and in the olfactory test (increase in olfactory threshold revealed by 

UPSIT) compared to non-obese participants with diabetes (these diabetic patients also present an 

impairment compared to control subjects). Interestingly, with 3-month GLP-1 receptor agonist 

treatment, obese subjects with diabetes exhibited improved cognitive and olfactory scores. This 

olfactory rescue by GLP-1 analogs can be explained by the expression of GLP-1R by M/T cells that are 

strongly excited by GLP-1 in in vitro mouse MOB slices (Thiebaud et al., 2016, 2019). In addition, 

chronic exendin-4 treatment reduced neuronal alterations observed in the PCx in the genetic model of 
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T2D rats (Lietzau et al., 2016). In the same model, chronic treatment with the Dipeptidyl peptidase-4 

inhibitor (DPP-4i) linagliptin did not improve odorant detection, nevertheless, it normalized T2D-

induced effects on neurogenesis in the MOB (Lietzau et al., 2018). Overall, GLP-1R expressed in the 

olfactory system is a good candidate for pharmacological treatment to rescue olfaction in the context of 

obesity and T2D. 

 

Table 1. Mechanisms linking impaired smell to obesity and type 2 diabetes 

 Olfactory mucosa Main Olfactory Bulb Olfactory Cortex 

Neurodegeneration 

or alteration of 

neuronal response 

from inflammatory 

processes 

Fardone et al., 2019; 

Lacroix et al., 2015; 

Rivière et al., 2016; 

Thiebaud et al., 2014 

Lietzau et al., 2018, 

2020; Fardone et al., 

2019; Poessel et al., 

2020a 

Lietzau et al., 2018 

Insulin resistance 

 Fadool et al., 2004; 

Aimé et al., 2012; 

Tucker et al., 2012a; 

Lacroix et al., 2015; 

Min and Min, 2018; 

Poessel et al., 2020b 

Al Koborssy et al., 

2019 

Leptin resistance 
 Getchell et al., 2006; 

Chelminski et al., 2017 

 

Vascular 

dysfunction 

 Soleimanzad et al., 

2019 

 

Glucotoxicity 
 Zaghloul et al., 2018 Al Koborssy et al., 

2019 

 

 

 

Figure 4  

Summary and chronology of the events related to food intake which directly or indirectly impact the 

olfactory system, and which may be altered in condition of T2D or obesity. GIT = gastro-intestinal 

tract; GLP-1 = Glucagon-like peptide-1; GIP = Gastric inhibitory polypeptide; CCK = 

Cholecystokinin. 
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5. Perspectives 

 

Data reviewed in both humans and animal models converge to show that obesity and T2D are associated 

with an alteration of olfactory performances. Confounding factors such as age and sex have to be taken 

into account when considering olfactory testing. It appears that there might also be differences in 

alteration between the type of odorant and their hedonic content. Indeed, we noticed that obese and lean 

individuals have dissociated performances toward neutral versus food related odorants.  

Processing odors and particularly food related odor involves a large set of brain structures, hence finding 

the origin of olfactory defect in obesity and T2D is not trivial. As the metabolic causes and consequences 

of metabolic disorders, olfactory impairment are likely to be multifactorial (table 1 and figure 4). Since 

improvement in metabolic health is correlated with better olfactory performances, treatment of the 

symptoms of obesity are likely to be associated with better olfactory abilities. For instance, physical 

exercise has been shown to reduce the risk of olfactory impairment in older adults (Schubert et al., 2013). 

However, we lack controlled studies for the evaluation of such parameters in the context of obesity or 

T2D probably because they require longitudinal studies on the long term.  

It is unlikely that olfactory changes could be the cause of obesity, nevertheless one can wonder to what 

extent it could accentuate the disease. A difference in olfactory perception between obese and normal-

weighted individuals has been suggested to cause differences in food choice and energy consumption 

(Drewnowski et al., 1995, 1997). We have described how the MOB has many characteristics of a 

metabolic sensor and olfactory activity would also participate in the modulation of peripheral energy 

metabolism in mice (Riera et al., 2017). Further probing of the olfactory function in longitudinal studies 

starting in overweight subjects would be needed to describe the possible participation of smell deficiency 

in the causal mechanisms leading to dysregulated food intake and obesity. More generally it is 

acknowledged that olfactory deficits dramatically impair general quality of life, mainly because of the 

consequences on food intake (enjoyment of food, increase/decrease appetite) (Croy et al., 2014). One 

treatment option available for post‐viral olfactory dysfunction is daily olfactory training, that shows 

significant olfactory improvement (Denis et al., 2021). We suggest that the same training could be used 

in obese patients with the aim of improving olfactory and feeding dysregulations.  

In the light of recent findings, we propose that probing olfactory perception can be used as a biomarker 

in clinics to check the fate of energy metabolism (Midorikawa et al., 2021). First, it was shown that 

among T2D obese patients, those with olfactory problems have also the most severe cognitive 

dysfunction (Zhang et al., 2018). In that sense, Sanke et al. (2021) recently showed that olfactory 

impairment is a predictive clinical sign of dementia in elderlies with T2D. Hence, olfactory defects could 

be used as an early biomarker to detect incoming cognitive problems in the context of metabolic 

diseases. In addition, a promising avenue is the use of olfactory monitoring among the factors assessing 

metabolic and weight recovery after bariatric surgery (Guyot et al., 2021). 

To conclude, based on information presented in this review, we advocate that both olfactory assessment 

and reeducation could be more generally used in the context of metabolic diseases and may bring a 

significant added value to multidisciplinary team–based obesity treatment.  
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