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Abstract

Olfactory dysfunction is a common symptom of various diseases, but the underlying pathophysi-
ology has not been fully understood. Evidence from both animal and human studies suggests that
local inflammation of the olfactory epithelium is linked to olfactory dysfunction. However, whether
systemic inflammation causes olfactory dysfunction is yet to be determined. In the present be-
havioral study, we set out to test whether acute systemic inflammation impairs olfactory identifi-
cation performance by inducing a transient and controlled state of systemic inflammation using
an experimental endotoxemia model. We treated young healthy participants (N = 20) with a rela-
tively high dose (2.0 ng/kg) of lipopolysaccharide (LPS) and a placebo treatment in a double-blind
within-subject design, and assessed participants’ ability to identify odors using the MONEX-40, a
reliable method for experimental assessment of odor identification ability in healthy and young in-
dividuals. Our results show that olfactory identification performance was not affected by the acute
systemic inflammation triggered by the injection of LPS. Moreover, odor identification perform-
ance following the LPS injection was not associated with levels of circulating proinflammatory
cytokines (interleukin-6, interleukin-8, and tumor necrosis factor-o). Because experimental LPS-
induced systemic inflammation does not affect olfactory identification performance, our findings
suggest that chronic, rather than transient, systemic inflammation is a more likely mechanism to
explore in order to explain the olfactory deficits observed in inflammatory diseases.

Key words: odor identification performance, lipopolysaccharide, interleukin-6 (IL-6), interleukin-8 (IL-8), , tumor necrosis factor-o
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Introduction Perricone et al. 2013; Aydin et al. 2016; Soler et al. 2020), but the under-

Loss of smell (anosmia or hyposmia) is a symptom reflective of mul-
tiple chronic diseases (Klimek and Eggers 1997; Steinbach et al. 2011;
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lying pathophysiology is not well understood. A proposed hypothesis
is that olfactory dysfunction is linked to chronic inflammation of the

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits

unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-6236-3577
https://orcid.org/0000-0002-3529-8981
mailto:arnaud.tognetti@gmail.com?subject=

Chemical Senses, 2021, Vol. 46

olfactory epithelium (Lane et al. 2010; Wu et al. 2018) due to the neuro-
toxic effect of several proinflammatory cytokines that circulate locally
in the sinonasal tissue (Vallieres et al. 2002; Kanekar et al. 2010; Li et al.
2013). Evidence from transgenic mouse models support this olfactory
inflammation hypothesis with local overexpression of proinflammatory
cytokines, such as tumor necrosis factor-o. (TNF-a), resulting in inhib-
ition of olfactory neuron function, turnover, and survival (Lane et al.
2010; Turner et al. 2010a, 2010b). Studies in human participants have
further suggested that inflammation processes are involved in olfactory
dysfunction. In fact, some evidence suggests that sensorineural olfac-
tory loss may be the primary cause of hyposmia (clinically reduced
sense of smell) in chronic rhinosinusitis patients (Konstantinidis et al.
2010; Yee et al. 2010). Indeed, chronic inflammation mediates a loss of
functional olfactory neurons and triggers a replacement of the olfactory
epithelium with respiratory epithelium (Yee et al. 2010). In addition,
biopsies performed in the olfactory epithelium of patients diagnosed
with chronic rhinosinusitis demonstrate higher concentrations of inter-
leukin (IL)-5, IL-6, IL-8, and TNF-a compared with those from a con-
trol group (Lennard et al. 2000), and mucus cytokines levels (IL-5, IL-6,
and TNF-a) in the olfactory cleft are negatively associated with olfac-
tory dysfunction (Wu et al. 2018; Soler et al. 2020). Most compelling
evidence of the olfactory inflammation hypothesis comes from clinical
studies on patient diagnosed with chronic rhinosinusitis. However, a
recent study also suggests that local inflammation plays a role in the
acute olfactory loss described in patients with COVID-19 (Torabi et al.
2020). Taken together, there is strong evidence that local inflammation
markers affect olfactory function. Notwithstanding the importance of
the aforementioned findings, whether systemic inflammation causes ol-
factory dysfunction is still to be determined.

The idea that systemic inflammation may cause olfactory dys-
function is supported by several studies that found an association be-
tween disease severity and olfactory loss in patients diagnosed with
psoriasis, granulomatosis with polyangiitis, and myasthenia gravis
(Proft et al. 2014; Tekeli et al. 2015; Aydin et al. 2016). For example,
a higher inflammatory activity, as measured by C-reactive protein
serum levels (an inflammation marker that increases following IL-6
secretion), significantly correlates with a diminished olfactory func-
tion in patients diagnosed with granulomatosis with polyangiitis
(Proft et al. 2014). However, various comorbidities are associated
with such diseases. Whether systemic inflammation directly affects
olfactory dysfunction is, thus, difficult to ascertain.

To the best of our knowledge, only 2 studies assessed whether
systemic inflammation directly causes olfactory dysfunction in
healthy participants. Henkin et al. (2013) showed that individuals
diagnosed with olfactory hyposmia (N = 59), otherwise healthy,
had significantly elevated levels of IL-6 in plasma compared with
controls (N = 9). Nevertheless, in a more recent study using a large
population-based sample of older adults (N = 1611), no significant
relationship between odor identification performance and levels of
circulating inflammation markers was found (Schubert et al. 2015),
partly contradicting the former study. In addition, these studies have
methodological problems that prevent a firm conclusion to be made.
Both studies examined healthy participants with naturally low levels
of circulating inflammatory markers for which the measures are
sensitive to technical variations (e.g., fasting/nonfasting state, time
of blood collection, storage temperature, sensitivity of the kits to
measure cytokines). In addition, Henkin et al. (2013) only assessed
a very small control sample (N = 9), whereas Schubert et al. (2015)
assessed olfactory functions with a clinical cued odor identification
test (SDOIT, Krantz et al. 2009) designed to detect anosmia and
with a very low allowed variance (the test consists of only 8 items in
total). More importantly, both studies used an observational, rather

than an experimental, design making cause-and-effect relationships
difficult to establish. Taken together, these methodological problems
render a strong conclusion about a potential link between olfactory
performance and immune responses difficult to be drawn.

In the present behavioral study, we set out to test the hypoth-
esis that systemic inflammation reduces olfactory identification
performance by inducing a controlled state of acute systemic inflam-
mation using the model of experimental endotoxemia. This model
has been extensively used in humans to study the effect of cytokines
on brain functions and behavior (Schedlowski et al. 2014; Lasselin
et al. 2020b). Here, we treated young, otherwise healthy, participants
with a relatively high dose of a bacterial endotoxin (2 ng/kg body
weight of lipopolysaccharide [LPS]) and a placebo treatment in a
within-subject design, while measuring their ability to identify odors
using the MONEX-40, a reliable odor ID test battery specifically de-
signed to identify minor differences in identification ability between
experimental conditions in healthy subjects (Freiherr et al. 2012).
Based on the aforementioned literature, we hypothesized that during
the LPS condition, participants would have poorer odor identifica-
tion performance compared with the placebo condition, and that
the decrease of olfactory identification performance induced by
systemic inflammation would be negatively associated with parti-
cipants’ levels of circulating proinflammatory cytokines (IL-6, IL-8,
and TNF-a).

Methods

The present study was part of a larger study aimed at assessing sick-
ness detection, sickness behavior, and its predictors (Lasselin et al.
2017, 2018, 2020c; Regenbogen et al. 2017; Axelsson et al. 2018;
Sarolidou et al. 2020). The study was approved by the Regional
Ethical Committee of Stockholm (Dnr 2014/1946-31/1 and
2015/1415-32; ClinicalTrials.gov identifier: NCT02529592).

LPS administration protocol

A more detailed protocol for the LPS administration that was used
in this study can be found in Lasselin et al. (2017, 2018). In sum-
mary, 22 healthy participants (9 women, 13 men, mean age 23 years)
were included in the protocol. The sample size was determined based
on previous studies showing that 20-25 participants are sufficient
to induce significant immunological and behavioral changes when
using the model of experimental endotoxemia (Grigoleit et al. 2011;
Calvano and Coyle 2012). The participants were recruited via ad-
vertisements at university campuses. Inclusion criteria included being
between 18 and 50 years old, absence of physiological or psychiatric
diseases, nonsmokers, nonexcessive alcohol users, and nonobese. All
participants had a complete medical examination by a physician.
Remuneration for participation was 3500 SEK. Informed written
consent was obtained according to the Declaration of Helsinki from
all participants prior to inclusion.

Participants were tested during 2 separate occasions in the
Centre for Clinical Research at Danderyd Hospital, Stockholm,
Sweden. They were randomly assigned to initially receive either a
lipopolysaccharide injection (LPS; Escherichia coli endotoxin, Lot
HOK354, CAT number 1235503, United States Pharmacopeia,
Rockville, MD) at 2 ng/kg body weight concentration or a placebo
injection (0.9% NaCl). Three to 4 weeks later (washout period),
they received the reverse treatment. We used a double-blind experi-
mental design: both participants and experimenters were unaware
of the test condition. For safety reasons, participants’ health was
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monitored by a physician in both conditions. The physician respon-
sible for the participants’ health was aware of the type of injection
each participant received during the study day.

In the present study, 2 of the 22 initial participants were excluded
(see below). The analyses were thus performed on 20 participants
in total (8 women, 12 men, mean = standard deviation = 23.05 =
3.47 years old, range: 19-34 years).

Proinflammatory markers assay

In both conditions (LPS and placebo), we collected blood sam-
ples before the injection and at 1, 1.5, 2, 3, 4, 5, and 7 h after
the injection. Blood samples were analyzed to determine levels of
proinflammatory cytokines (IL-6, IL-8, and TNF-o) using high-
sensitivity multiplex (Human Mag Luminex Performance Assay,
LHSCMO000, LHSCM206, LHSCM208, and LHSCM210, RnD
Systems, MN, USA). We used the peak values of each cytokine con-
centration after LPS administration, instead of a fixed time point
(e.g., at the time of the odor identification task), to examine the rela-
tionship between olfactory identification performance and levels of
cytokines. Indeed, the peak values represent the largest effect of LPS
administration and reflect how much cytokines would have had an
impact on identification performance (Lasselin et al. 2017, 2018).
Data from one participant were not included in the analyses because
of outlier IL-6 and IL-8 peak values (i.e., >3 S.D). Peak of IL-6 and
IL-8 concentrations were observed 2 (N = 7 [35%], N = 11 [55%],
respectively) and 3 h (N = 12 [60%], N = 9 [45%], respectively)
after the LPS injection, except for one participant who exhibited IL-6
peak values at 1 h after injection. Peak of TNF-a concentrations was
mostly observed 1.5 h after injection (N = 18 [90%]), the 2 other
participants exhibiting peak values 2 h post-injection.

Odor identification test

In both conditions (LPS and placebo), odor identification perform-
ance was assessed about 4 h 45 m after injection, using the 40-item
Monell Extended Sniffin’ Sticks Identification Test (MONEX-40)
(Freiherr et al. 2012). The test consists of 2 sets of 20 odor-filled
felt-tip pens that each contains a unique odor. Participants were pre-
sented with the odor and a tablet screen displaying 4 names of al-
ternatives associated with each odor pen. Their task was to identify
the odor by picking one of the 4 labels. To assure that there was no
effect of odor familiarization due to test retest, each set of 20-item
odors was used to test odor identification performance in each con-
dition (one participant was presented twice with the same set and
was excluded from analyses) and counter balanced so that each set
was used an equal amount of time in each condition. Previous data
demonstrate that these 2 sets are matched with respect to the levels
of difficulty (Freiherr et al. 2012).

Statistical analyses

As indicated in our previous publication, we already have deter-
mined successfully experimental manipulation of the immune system
by assessing change in body temperature and inflammatory markers
between the LPS versus placebo condition (Lasselin et al. 2017,
2018). Nevertheless, we ensured that the experimental manipulation
of the immune system was successful within our sub-sample of par-
ticipants (N = 20 after the exclusion of 2 participants, see above).
We compared the peak values of body temperature, and the peak
concentrations of each proinflammatory marker, between the 2 con-
ditions (LPS and Placebo) using paired samples #-tests. The peak con-
centrations of each proinflammatory marker were log-transformed

to achieve normality. We also ensure that these measures still signifi-
cantly differed between the 2 conditions 5 h after the injection, near
the time of olfactory testing (there was a 15-min gap between the
post 5-h blood sample collection and the odor identification task)
using paired samples #-tests.

To examine whether an individual’s ability to identify the odors
varied between the 2 conditions (LPS and placebo), we used a
Bayesian generalized linear mixed-effects model (bglmer function in
the blme R package) with a binomial error structure (the bglmner
function applies a weak prior [Wishart] over the random effects to
avoid singularity). Our dependent variable “Odor Identification”
was an individual’s identification performance for each odor
smelled (1 when he/she identified correctly the odor, 0 otherwise).
“Inflammatory Condition” (LPS or placebo) was the explanatory
variable. We included a random intercept for each participant’s
(ParticipantID) and odor’s ID (OdorID) and following Barr et al.
(2013), random slopes were specified maximally (for Inflammatory
Condition by participant and by odor). In other words, the model
was as follows: Odor Identification ~ Inflammatory Condition +
(1 + Inflammatory Condition | ParticipantID) + (1 + Inflammatory
Condition | OdorID).

We also examined whether the change in olfactory identification
performance induced by the LPS injection was associated with the
levels of circulating inflammation markers at peak. We analyzed our
data using a Bayesian generalized linear mixed-effects model with
a binomial error structure. We included random intercepts for each
participant’s and odor’s ID, and random slopes for each cytokine
concentration (IL-6, IL-8, and TNF-a) by odor’s ID. Our dependent
variable “Odor Identification” was an individual’s identification per-
formance for each of the 20 odors smelled during the LPS condition
(1 when identified correctly the odor, 0 otherwise). The explanatory
variables were the post-injection maximal values of each cytokine
concentration. Following the recommendations found in Schielzeth
(2010), we standardized each explanatory variable to compare
the relative importance of the 3 markers with each other and to
allow the model to converge. We also ruled out potential bias from
multicollinearity as all explanatory variables demonstrated a low
value of Variance Inflation Factor (all VIF< 2.2). Finally, we added in
the model participants’ mean identification score of the placebo con-
dition (“Baseline Performance”) to control for the interindividual
variability of odor identification performance at baseline. The model
was as follows: Odor Identification ~ IL-6 + IL-8 + TNF-a + Baseline
Performance + (1 | ParticipantID) + (1+IL-6+IL-8+TNF-a | OdorID).

Statistical analyses were performed using R, version 3.6.0 (R
Core Team 2017). The statistical significance of each variable was
tested with likelihood ratio tests comparing the full model to those
without the term of interest, and the a-level was set to 0.05.

Results

Experimental manipulation of the inflammatory
response

During the LPS condition, participants (N = 20) demonstrated sig-
nificantly higher peak of body temperature (paired samples #-test,
#19) = -12.92, P < 0.0001), as well as peak levels of IL-6 (#(19) =
224.08, P < 0.0001), IL-8 (£(19) = ~35.92, P < 0.0001), and TNF-o.
(¢(19) = =26.99, P < 0.0001) compared with the placebo condition.
Five hours after the injection, when odor identification performance
of the participants was assessed, participants still demonstrated sig-
nificantly elevated body temperature (#(19) = -10.45, P < 0.0001)
and levels of IL-6 (£(19) = -9.53, P < 0.0001), IL-8 (#(19) = -29.20,
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P < 0.0001), and TNF-at (#(19) = —~13.66, P < 0.0001) in the LPS
condition compared to the placebo condition (see Figure 1 for an
illustration of the effect of the LPS administration over time).

Effect of systemic inflammation on odor
identification performance
Having determined that the experimental manipulation of immune
system activation was successful with elevated immune markers fol-
lowing LPS administration, we then set out to determine whether
the odor identification performance of the participants (N = 20) was
affected. In contradiction to our hypothesis, condition (LPS or
Placebo) did not affect participants’ olfactory identification perform-
ance (B = 0.03, SE = 0.30, %2 (1, N = 800) = 0.01, P = 0.92; Figure
2A). Moreover, odor identification performance during the LPS con-
dition was not associated with peak levels of either IL-6 ( = 0.38, SE
=0.28,%2 (1, N = 400) = 1.87, P = 0.17; Figure 2B), IL-8 (§ = —0.37,
SE = 0.29, %2 (1, N = 400) = 1.55, P = 0.21; Figure 2C), or TNF-a
(B = 0.42, SE = 0.36, x2 (1, N = 400) = 1.36, P = 0.24; Figure 2D).
Similar results are obtained when keeping the participant who pre-
sented outlier levels of cytokines in the analyses: neither condition (8
=0.03,SE =0.29,%2 (1, N =840) = 0.01, P = 0.93) nor peak levels of
IL-6 (B = 0.81, SE = 0.51, 32 (1, N = 420) = 2.52, P = 0.11), IL-8 (B
= -0.91,SE = 0.57, %2 (1, N = 420) = 2.51, P = 0.11) or TNF-at (f =
0.53,SE = 0.43, %> (1, N = 420) = 1.51, P = 0.22) were significantly
associated with participants’ olfactory identification performance.
Among the 2 sets of 20-item odors that each participant smelled
across both conditions, 3 of the 40 odor items exhibited identifi-
cation levels in both conditions below 50%, which might indicate
either unfamiliarity with the odor object or problems with the chem-
icals used to represent the odor object; a fact that might obscure
potential effects. To assure that this did not modulate the negative
results reported above, we excluded these 3 items from the overall
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Figure 1. Effect of lipopolysaccharide (LPS) injection (red triangular-form dot)
compared with placebo injection (blue dots) on participants’ body tempera-
ture and IL-6, IL-8, and TNF-a plasma levels (N = 20) during the 7 h following
the injection. Error bars represent standard error of the mean. The odor
identification test was performed at approximately 4 h 45 min after infec-
tion (dashed line), when the systemic inflammation was still present in LPS-
treated participants but when the more severe effects had subsided.

odor identification performance for both conditions. However, ana-
lyses without these 3 odor items still did not show any association
between odor identification performance and inflammatory condi-
tion (B = 0.02, SE = 0.31, 2 (1, N = 740) = 0.01, P = 0.96) or with
IL-6 (p = 0.45, SE = 0.32, %2 (1, N = 370) = 1.98, P = 0.16), IL-8 (§
= —0.42,SE = 0.34,%2 (1, N = 370) = 1.54, P = 0.21), or TNF-at (f =
0.52, SE = 0.41, %2 (1, N = 370) = 1.57, P = 0.21) peak levels during
the LPS condition.

Discussion

The goal of the present behavioral study was to examine the effect
of systemic inflammation on olfactory identification performance in
healthy participants. Our results showed that olfactory identification
performance was not affected by the acute systemic inflammation
triggered by the injection of LPS. Moreover, no associations were
found between the change of olfactory performance followed by
LPS injection and levels of circulating proinflammatory cytokines.
Hence, our findings suggest that experimental endotoxemia does not
affect olfactory identification performance.

As noted, olfactory dysfunction is a common symptom of
various diseases, ranging from COVID-19 (Cazzolla et al. 2020;
Torabi et al. 2020) to autoimmune/immune-mediated (Perricone
et al. 2013) or neurodegenerative diseases (Ponsen et al. 2009).
For example, both chronic rhinosinusitis and allergy rhinitis are
strongly associated with a decrease in odor threshold and identi-
fication performance (Klimek and Eggers 1997; Soler et al. 2016).
It has been suggested that the olfactory dysfunction observed in
these diseases may be caused by local and systemic inflammation.
Although there is compelling evidence attesting the negative effect
of local inflammation on olfactory functions (Lennard et al. 2000;
Lane et al. 2010; Turner et al. 2010a, 2010b; Yee et al. 2010; Wu
et al. 2018), evidence demonstrating whether systemic inflamma-
tion causes olfactory dysfunctions remains scarce. Specifically, sev-
eral studies found a correlation between olfactory dysfunction and
levels of circulating inflammatory markers in patients diagnosed
with chronic rhinosinusitis, granulomatosis with polyangiitis, or
COVID-19 (Wu et al. 2018; Soler et al. 2020; Torabi et al. 2020). In
addition, a previous study has shown that patients with a diagnosed
olfactory hyposmia, but that were otherwise healthy, had signifi-
cantly elevated levels of IL-6 in plasma and nasal mucus compared
with healthy controls, which suggests a direct link between levels
of proinflammatory markers and olfactory dysfunction (Henkin
et al. 2013; see also Schubert et al. 2015). However, these afore-
mentioned studies used an observational approach that does not
enable to ascertain whether systemic inflammation directly affects
olfactory loss. Building on these findings, we hypothesized that an
experimental systemic inflammation would affect olfactory identifi-
cation performance. However, our participants’ odor identification
performance was not disturbed while experiencing an acute sys-
temic immune response, as evidenced by a transient increase in cir-
culating proinflammatory cytokines. One possible explanation for
the absence of any effect on olfactory performance could be that
our experimental disease model rendered our participants sick only
for a few hours and that a longer period of systemic inflammation
is necessary to result in measurable olfactory perturbations. On the
other hand, the level of circulating IL-6 experienced by the partici-
pants at the peak of inflammation (2 h after the LPS injection) was
1000 times higher, on average, compared with the level measured
in patients suffering from hyposmia in a previous study (Henkin
et al. 2013), and it was still 100 higher 5 h after injection, when the
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olfactory identification performance of participants was assessed.
Thus, it seems unlikely that the level of the inflammatory response,
per se, induced by the LPS administration was not high enough to
affect olfactory identification performance.

The present study is the first, to our knowledge, to assess olfac-
tory performance in an experimental endotoxemia model using a
reliable method to assess odor identification abilities. Nevertheless,
this study is also subject to some limitations. First, experimental
procedures involving human interventions do not allow testing a
large number of participants. Indeed, strict ethical guidelines regu-
late these experimental procedures such as restricting the number of
participants to the minimal sample size allowing small effect sizes
to be detected. Based on previous published papers that reported
a very strong effect of experimental endotoxemia on behavior, we
calculated that a sample size of 20 participants was large enough to
detect small effect sizes (Grigoleit et al. 2011; Calvano and Coyle
2012). It needs also to be mentioned that our sample size was similar
to or higher than several previous naturalistic studies that found a
significant link between the levels of proinflammatory markers in
plasma or nasal mucus and olfactory loss (Lennard et al. 2000;
Henkin et al. 2013). Second, we tested participants’ ability to iden-
tify odors as a proxy for olfactory function. This is an approach that
has been repeatedly demonstrated to be a good estimate of general
olfactory function (Doty et al. 1984) and is commonly used in both

experimental (Seubert et al. 2013) and clinical testing (Hummel et al.
2007). However, even though tests of various olfactory subfunctions,
such as ability to discriminate between odor qualities, odor detection
threshold, or cued odor identification, demonstrate high intercor-
relations (Doty et al. 1994), cued odor identification tasks are only
partly dependent on odor acuity. To at least some degree, perform-
ance on an odor identification test is dependent on nonolfactory
cognitive factors such as language skills and object recognition and
comprehension (Dulay et al. 2008). Hence, in spite of the fact that
we are unable to demonstrate an association in this study, it is pos-
sible that there are associations between olfactory dysfunction and
immune system responses that would be observed if a more exten-
sive odor detection threshold test had been used. Such a test is a more
direct estimate of olfactory acuity (Hedner et al. 2010). However, it
would have, also, been more laborious and more prone to fatigue-
related effects that would potentially bias the results to demonstrate
decreased performance during the LPS condition where participants
are more fatigued due to their experimental sickness state (Lasselin
et al. 2017, 2020a). These potential problems notwithstanding, fu-
ture studies should, if the experimental manipulation allows, use
tests of detection threshold to more directly assess links between ol-
factory acuity and immune responses. Another interesting idea for
future studies is the possibility that systemic inflammation could in-
fluence olfactory identification performance differently in the short
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term versus long term. Indeed, identification performance is prone to
cognitive influences. In the short term, systemic inflammation may
thus affect positively cognition on the perception of odors as a re-
inforcement of the protective function of olfaction (danger detec-
tion). In other words, systemic inflammatory activation could trigger
a transient state of vigilance, leading to increased allocation of cog-
nitive resources to the processing of olfactory information, especially
those related to odors signaling a threat. Contrary to our prediction,
systemic inflammation could thus increase, in the short term, olfac-
tory identification performance for at least some type of odors that
would need to be avoided (e.g., contaminated food).

To conclude, this study reports that odor identification is re-
sistant to an acute increase in systemic inflammation, which thus
suggests that chronic, rather than transient, systemic inflammation is
a more likely mechanism to explore in order to explain the olfactory
deficits observed in inflammatory diseases.

Funding

This work was supported by the Swedish Foundation for Humanities and
Social Sciences (grant number P12-1017 to M.]J.O.], the Swedish Research
Council (grant number 421-2012-1125 to M.J. and 2017-02629 to M.L.),
the Knut and Alice Wallenberg Foundation (grant number KAW 2018.0152
to J.N.L.), and Stockholm Stress Center, a FORTE Swedish Council for
Health, Working Life and Welfare Center of Excellence (grant number Dnr
2009-1758).

Conflict of interest

The authors have no conflicts of interest to declare.

References

Axelsson J, Sundelin T, Olsson M], Sorjonen K, Axelsson C, Lasselin J,
Lekander M. 2018. Identification of acutely sick people and facial cues of
sickness. Proc R Soc B Biol Sci. 285:20172430.

Aydin E, Tekeli H, Karabacak E, Altunay iK, Aydin C, Cerman AA, Altundag A,
Salihoglu M, Cayonii M. 2016. Olfactory functions in patients with psor-
iasis vulgaris: correlations with the severity of the disease. Arch Dermatol
Res. 308(6):409-414.

Barr DJ, Levy R, Scheepers C, Tily HJ. 2013. Random effects structure for con-
firmatory hypothesis testing: keep it maximal. ] Mem Lang. 68(3):255-278.

Calvano SE, Coyle SM. 2012. Experimental human endotoxemia: a model
of the systemic inflammatory response syndrome? Surg Infect (Larchmt).
13(5):293-299.

Cazzolla AP, Lovero R, Lo Muzio L, Testa NF, Schirinzi A, Palmieri G,
Pozzessere P, Procacci V, Di Comite M, Ciavarella D, et al. 2020. Taste and
smell disorders in COVID-19 patients: role of Interleukin-6. ACS Chem
Neurosci. 11(17):2774-2781.

Doty RL, Shaman P, Dann M. 1984. Development of the University of
Pennsylvania Smell Identification Test: a standardized microencapsulated
test of olfactory function. Physiol Behav. 32(3):489-502.

Doty RL, Smith R, McKeown DA, Raj J. 1994. Tests of human olfactory func-
tion: principal components analysis suggests that most measure a common
source of variance. Percept Psychophys. 56(6):701-707.

Dulay MF, Gesteland RC, Shear PK, Ritchey PN, Frank RA. 2008. Assessment
of the influence of cognition and cognitive processing speed on three tests
of olfaction. | Clin Exp Neuropsychol. 30(3):327-337.

Freiherr J, Gordon AR, Alden EC, Ponting AL, Hernandez MF, Boesveldt S,
Lundstrom JN. 2012. The 40-item Monell Extended Sniffin’ Sticks
Identification Test (MONEX-40). | Neurosci Methods. 205(1):10-16.

Grigoleit JS, Kullmann JS, Wolf OT, Hammes F, Wegner A, Jablonowski S,
Engler H, Gizewski E, Oberbeck R, Schedlowski M. 2011. Dose-dependent
effects of endotoxin on neurobehavioral functions in humans. PLoS One.
6(12):28330.

Hedner M, Larsson M, Arnold N, Zucco GM, Hummel T. 2010. Cognitive fac-
tors in odor detection, odor discrimination, and odor identification tasks. |
Clin Exp Neuropsychol. 32(10):1062-1067.

Hummel T, Kobal G, Gudziol H, Mackay-Sim A. 2007. Normative data for the
“Sniffin’ Sticks” including tests of odor identification, odor discrimination,
and olfactory thresholds: an upgrade based on a group of more than 3,000
subjects. Eur Arch Otorhinolaryngol. 264(3):237-243.

Henkin RI, Schmidt L, Velicu I. 2013. Interleukin 6 in hyposmia. JAMA
Otolaryngol Head Neck Surg. 139(7):728-734.

Kanekar S, Gandham M, Lucero MT. 2010. PACAP protects against TNFa-
induced cell death in olfactory epithelium and olfactory placodal cell lines.
Mol Cell Neurosci. 45(4):345-354.

Klimek L, Eggers G. 1997. Olfactory dysfunction in allergic rhinitis is re-
lated to nasal eosinophilic inflammation. | Allergy Clin Immunol.
100(2):158-164.

Konstantinidis I, Witt M, Kaidoglou K, Constantinidis J, Gudziol V. 2010.
Olfactory mucosa in nasal polyposis: implications for FESS outcome.
Rhinology. 48(1):47-53.

Krantz EM, Schubert CR, Dalton DS, Zhong W, Huang GH, Klein BE, Klein R,
Nieto FJ, Cruickshanks KJ. 2009. Test-retest reliability of the San Diego
Odor Identification Test and comparison with the brief smell identification
test. Chem Senses. 34(5):435-440.

Lane AP, Turner J, May L, Reed R. 2010. A genetic model of chronic
rhinosinusitis-associated  olfactory inflammation reveals reversible
functional impairment and dramatic neuroepithelial reorganization. |
Neurosci. 30(6):2324-2329.

Lasselin J, Karshikoff B, Axelsson J, Akerstedt T, Benson S, Engler H,
Schedlowski M, Jones M, Lekander M, Andreasson A. 2020a. Fatigue and
sleepiness responses to experimental inflammation and exploratory ana-
lysis of the effect of baseline inflammation in healthy humans. Brain Behav
Immun. 83:309-314.

Lasselin J, Lekander M, Benson S, Schedlowski M, Engler H. 2020b. Sick for
science: experimental endotoxemia as a translational tool to develop and
test new therapies for inflammation-associated depression. Mol Psychiatry.
doi:10.1038/s41380-020-00869-2

Lasselin J, Petrovic P, Olsson M], Paues Goranson S, Lekander M, Jensen KB,
Axelsson J. 2018. Sickness behavior is not all about the immune response:
Possible roles of expectations and prediction errors in the worry of being
sick. Brain Behav Immun. 74:213-221.

Lasselin ], Sundelin T, Wayne PM, Olsson MJ, Paues Goranson S, Axelsson J,
Lekander M. 2020c. Biological motion during inflammation in humans.
Brain Behav Immun. 84:147-153.

Lasselin ], Treadway MT, Lacourt TE, Soop A, Olsson M], Karshikoff B, Paues-
Goranson S, Axelsson J, Dantzer R, Lekander M. 2017. Lipopolysaccharide
alters motivated behavior in a monetary reward task: a randomized trial.
Neuropsychopharmacology. 42(4):801-810.

Lennard CM, Mann EA, Sun LL, Chang AS, Bolger WE. 2000. Interleukin-1
beta, interleukin-3, interleukin-6, interleukin-8, and tumor necrosis factor-
alpha in chronic sinusitis: response to systemic corticosteroids. Am |
Rhbinol. 14(6):367-373.

Li Z, Li K, Zhu L, Kan Q, Yan Y, Kumar P, Xu H, Rostami A, Zhang GX.
2013. Inhibitory effect of IL-17 on neural stem cell proliferation and
neural cell differentiation. BMC Immunol. 14:20.

Perricone C, Shoenfeld N, Agmon-Levin N, de Carolis C, Perricone R,
Shoenfeld Y. 2013. Smell and autoimmunity: a comprehensive review. Clin
Rev Allergy Immunol. 45(1):87-96.

Ponsen MM, Stoffers D, Twisk JW, Wolters ECh, Berendse HW. 2009.
Hyposmia and executive dysfunction as predictors of future Parkinson’s
disease: a prospective study. Mov Disord. 24(7):1060-10635.

Proft F, Steinbach S, Dechant C, Witt M, Reindl C, Schulz S, Vielhauer V,
Hilge R, Laubender RP, Manger K, et al. 2014. Gustatory and olfactory
function in patients with granulomatosis with polyangiitis (Wegener’s).
Scand | Rheumatol. 43(6):512-518.

R Core Team. 2017. R: a language and environnement for statistical com-
puting. Vienna (Austria): R Foundation for Statistical Computing.

Regenbogen C, Axelsson ], Lasselin J, Porada DK, Sundelin T, Peter MG,
Lekander M, Lundstrom JN, Olsson M]J. 2017. Behavioral and neural


https://doi.org/10.1038/s41380-020-00869-2

Chemical Senses, 2021, Vol. 46

correlates to multisensory detection of sick humans. Proc Natl Acad Sci
USA. 114(24):6400-6405.

Sarolidou G, Axelsson J, Kimball BA, Sundelin T, Regenbogen C,
Lundstrom JN, Lekander M, Olsson M]J. 2020. People expressing olfac-
tory and visual cues of disease are less liked. Philos Trans R Soc Lond B
Biol Sci. 375(1800):20190272.

Schedlowski M, Engler H, Grigoleit JS. 2014. Endotoxin-induced experi-
mental systemic inflammation in humans: a model to disentangle immune-
to-brain communication. Brain Behav Immun. 35:1-8.

Schielzeth H. 2010. Simple means to improve the interpretability of regression
coefficients. Methods Ecol Evol. 1:103-113.

Schubert CR, Cruickshanks KJ, Fischer ME, Klein BE, Klein R, Pinto AA.
2015. Inflammatory and vascular markers and olfactory impairment in
older adults. Age Ageing. 44(5):878-882.

Seubert J, Freiherr J, Frasnelli J, Hummel T, Lundstréom JN. 2013. Orbitofrontal
cortex and olfactory bulb volume predict distinct aspects of olfactory per-
formance in healthy subjects. Cereb Cortex. 23(10):2448-2456.

Soler ZM, Kohli P, Storck KA, Schlosser R]. 2016. Olfactory impairment in
chronic rhinosinusitis using threshold, discrimination, and identification
scores. Chem Senses. 41(9):713-719.

Soler ZM, Yoo F, Schlosser R], Mulligan J, Ramakrishnan VR, Beswick DM,
Alt JA, Mattos JL, Payne SC, Storck KA, et al. 2020. Correlation of mucus
inflammatory proteins and olfaction in chronic rhinosinusitis. Int Forum
Allergy Rhinol. 10(3):343-355.

Steinbach S, Proft F, Schulze-Koops H, Hundt W, Heinrich P, Schulz S,
Gruenke M. 2011. Gustatory and olfactory function in rheumatoid arth-
ritis. Scand | Rheumatol. 40(3):169-177.

Tekeli H, Senol MG, Altundag A, Yalcinkaya E, Kendirli MT, Yasar H,
Salihoglu M, Saglam O, Cayonu M, Cesmeci E, et al. 2015. Olfactory and
gustatory dysfunction in Myasthenia gravis: a study in Turkish patients. |
Neurol Sci. 356(1-2):188-192.

Torabi A, Mohammadbagheri E, Akbari Dilmaghani N, Bayat AH,
Fathi M, Vakili K, Alizadeh R, Rezaeimirghaed O, Hajiesmaeili M,
Ramezani M, et al. 2020. Proinflammatory cytokines in the olfactory
mucosa result in COVID-19 induced anosmia. ACS Chem Neurosci.
11(13):1909-1913.

Turner JH, Liang KL, May L, Lane AP. 2010a. Tumor necrosis factor
alpha inhibits olfactory regeneration in a transgenic model of
chronic rhinosinusitis-associated olfactory loss. Am J Rhinol Allergy.
24(5):336-340.

Turner JH, May L, Reed RR, Lane AP. 2010b. Reversible loss of neur-
onal marker protein expression in a transgenic mouse model for
sinusitis-associated olfactory dysfunction. Am ] Rhinol Allergy.
24(3):192-196.

Vallieres L, Campbell IL, Gage FH, Sawchenko PE. 2002. Reduced
hippocampal neurogenesis in adult transgenic mice with chronic astrocytic
production of interleukin-6. | Neurosci. 22(2):486-492.

Wu J, Chandra RK, Li P, Hull BP, Turner JH. 2018. Olfactory and middle
meatal cytokine levels correlate with olfactory function in chronic
rhinosinusitis. Laryngoscope. 128(9):E304-E310.

Yee KK, Pribitkin EA, Cowart BJ, Vainius AA, Klock CT, Rosen D,
Feng P, McLean J, Hahn CG, Rawson NE. 2010. Neuropathology of
the olfactory mucosa in chronic rhinosinusitis. Am | Rhinol Allergy.

24(2):110-120.



