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Abstract

Atrophic brain changes in acute anorexia nervosa (AN) are often visible to the naked eye on computed tomography or
magnetic resonance imaging scans, but it remains unclear what is driving these effects. In neurological diseases,
neurofilament light (NF-L) and tau protein have been linked to axonal damage. Glial fibrillary acidic protein (GFAP) has
been associated with astroglial injury. In an attempt to shed new light on factors potentially underlying past findings of
structural brain alterations in AN, the current study investigated serum NF-L, tau protein, and GFAP levels longitudinally in
AN patients undergoing weight restoration. Blood samples were obtained from 54 acutely underweight, predominantly
adolescent female AN patients and 54 age-matched healthy control participants. AN patients were studied in the
severely underweight state and again after short-term partial weight restoration. Group comparisons revealed higher
levels of NF-L, tau protein, and GFAP in acutely underweight patients with AN compared to healthy control participants.
Longitudinally, a decrease in NF-L and GFAP but not in tau protein levels was observed in AN patients upon short-term
partial weight restoration. These results may be indicative of ongoing neuronal and astroglial injury during the
underweight phase of AN. Normalization of NF-L and GFAP but not tau protein levels may indicate an only partial
restoration of neuronal and astroglial integrity upon weight gain after initial AN-associated cell damage processes.

Introduction matter volume®, global cortical thinningG, and reduced

Anorexia nervosa (AN) is a severe eating disorder
usually beginning in adolescence characterized by a per-
sistent restriction in energy intake' leading to serious
medical complications®?,

It has been known for decades that the brains of patients
in the acutely underweight state of AN show signs com-
patible with atrophic changes®. Magnetic resonance ima-
ging (MRI) studies have found alterations in brain
structure such as substantial reductions in white and gray
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gyrification” in patients with acute AN. These alterations
seem to normalize following weight gain®®®, but the
mechanisms underlying these dynamic alterations are
still unknown. Speculative interpretations have included
apoptosis, trophic changes (smaller neurons, shorter
dendrites, and fewer synapses), changes in the lipid
structure of the neuronal cell wall and myelin, and the loss
of astrocytes™® in acute AN.

The investigation of brain-derived proteins may aid our
understanding of the underlying biology of dynamic brain
changes in AN. Such proteins can be measured in cere-
brospinal fluid (CSF) or in blood samples and are often
associated with specific processes on cellular level”'°.
Measurements in CSF are considered more reliable but
are also more invasive. In contrast, measurements in
blood have in the past been limited by the relatively lower
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protein concentrations, hindering reliable measurement.
A promising tool to overcome these difficulties is offered
by single-molecule array (Simoa) technology''. This
method relies upon single-molecule sensitivity, reaching
significantly lower limits of detection than conventional
assays''™'” and improving reliability.

Studies in patients with neurological disorders have
identified associations between specific neuronal and glial
cytoskeletal proteins and different processes in the brain.
Two proteins that have repeatedly been linked to axonal
damage are neurofilament light (NF-L) and tau pro-
tein'®'”. One of the most important functions of NF-L is
radial cell growth'® while tau protein is known as a
microtubule-binding protein®. NF-L is expressed in great
amounts in large-caliber myelinated axons'®'”, while tau
protein is abundantly expressed in thin non-myelinated
axons of cortical interneurons'®'®. Elevated levels of both
of these proteins have been found after brain injury"®!”
and NF-L has also been associated with brain lesions in
multiple sclerosis’”?°. In contrast, glial fibrillary acidic
protein (GFAP), an intermediate filament found in mature
astrocytes™', which helps maintain cytoskeletal strength of
glial cells is thought to be related to astroglial injury**
(e.g, in stroke®®, traumatic brain injury'®, and multiple
sclerosis®®). It is therefore commonly assumed that blood
concentrations of NF-L and tau protein increase upon
axonal injury”'”?*, whereas astrocyte injury might lead to
the release of GFAP?®. In the context of structural brain
alterations in AN, such correlates of specific cell damage
processes might be of particular interest.

In this study, we sought to gain a new perspective on
factors potentially underlying past findings of dynamic
alterations of brain structure®” in AN by comparing the
levels of NF-L, tau protein, and GFAP of AN patients
before and after short-term weight restoration (increase in
body mass index (BMI) between 14% and 46%) with those
of healthy control (HC) participants. Given that previous
studies indicate that gray and white matter could both be
affected, we expected to find elevated serum concentra-
tions of all three brain-derived proteins in acutely
underweight, predominantly adolescent female AN
patients at the beginning of treatment. We were further
interested in the potential consequences of the normal-
ization of the metabolic and nutritional status in AN
following partial weight restoration. We therefore com-
pared protein levels before and after partial weight
restoration, expecting to find a general reduction at the
second timepoint.

Materials and methods
Participants

Study data were obtained from 54 underweight female
patients with acute AN diagnosed according to the
Diagnostic and Statistical Manual of Mental Disorders
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(DSM-5)" and 54 pairwise age-matched female HC par-
ticipants (age range 12—24 years, details in the Supple-
mentary Information (SI) and Supplementary Figs. SF1
and SF2). One AN participant had to be excluded from
the analyses because of a neurological disorder that
became known after we had included that patient in our
study. Consequentially, the corresponding age-matched
HC participant was excluded from the study sample as
well, resulting in a final sample of 53 AN and 53 HC
participants. AN patients were studied in the acutely
underweight state (AN_T1) not more than 96h after
admission to intensive treatment and reassessed after
short-term partial weight restoration (AN_T2; after an a-
priori-defined minimum BMI increase of 10%). Partici-
pants with AN underwent treatment in eating disorder
programs at a tertiary care university hospital. The
study was approved by the ethics committee of the
Technische Universitit Dresden and all participants (and
the legal guardians of underage participants) gave written
informed consent.

AN was diagnosed using a modified version of the
German expert form of the Structured Interview for
Anorexia and Bulimia Nervosa (SIAB-EX)*® and required
a BMI < 17.5kg/m> (or below the 10th age percentile, if
younger than 15.5 years). HC were recruited through
advertisement among middle school, high school, and
university students and had to be of normal weight,
eumenorrhoeic, and without any history of psychiatric
illness. Several additional exclusion criteria were applied
to both AN and HC participants, including psychotropic
medication in the four weeks preceding study participa-
tion (except for selective serotonin reuptake inhibitors,
which were allowed in AN participants, # =1 in AN_T1,
n=2 in AN_T?2), any history of bulimia nervosa or binge
eating disorder, and any medical or neurological condi-
tion that might affect appetite, eating behavior, or body
weight (see SI 1.1).

Information relevant to inclusion/exclusion criteria,
including lifetime neurological disorders and possible
confounding variables was obtained using the SIAB-EX?,
our own semi-structured interview, and medical records.
Information about comorbid diagnoses as well as weight
trajectories in the six weeks preceding study participation
in AN participants was obtained from medical records
and confirmed by an expert clinician.

Clinical measures

In addition to the SIAB-EX?®, we assessed eating disorder
psychopathology using the German version of the Eating
Disorder Inventory-2 (EDI-2)*. In line with previous
reports> % we calculated a summary score representing
“core” eating disorder symptoms by averaging the subscales
“drive for thinness”, “body dissatisfaction”, and “bulimia”.

The reason for focusing on these scales is that they
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represent core symptoms, a fact that can be disputed for
subscales measuring e.g., feelings of ineffectiveness or
maturity fears. The German version of the Beck Depression
Inventory-II (BDI-I)** was used to assess depressive
symptoms. IQ was estimated using age-appropriate stan-
dardized instruments, mainly the Wechsler Intelligence
Scales (see SI 1.2 for details). Age- and gender-corrected
BMI standard deviation scores (BMI-SDS)***> were calcu-
lated from the BMIL Study data were managed using the
secure, web-based electronic data capture tool REDCap™®.

Blood sampling and Simoa analysis

Blood sampling took place between 7a.m. and 9a.m.
after an overnight fast and the obtained material was
centrifuged after 30 min of coagulation time. The serum
samples were then stored at —80 °C until further analysis.
Levels of NF-L, tau protein, and GFAP were determined
using the digital Simoa™ Human Neurology 4-Plex A
assay (item number 102153) in combination with the
Simoa™ HD-1 Analyzer (both Quanterix, Lexington, MA,
USA) following the manufacturer’s instructions®. The
Simoa™ technology reaches significantly lower limits
of detection compared to conventional assays'"“" 12714,
Lower limits of detection for NF-L, tau protein, and GFAP
using the Simoa'™ assay were 0.104, 0.024, and 0.221 pg/
ml, respectively’®. All samples were measured in dupli-
cates, and the mean of the two measurements was used for
all statistical analyses (except in one case, where only a
single measurement could be obtained). The mean coef-
ficient of variation was <10% for all three measures (NF-L:
6.92%, tau protein: 8.64%, GFAP: 3.65%).

Statistical analyses

Statistical analyses were conducted using the software R
(version 3.4.4)%%. Extreme outliers (>3 standard deviations
(SD) from the mean of the respective diagnostic group
and timepoint) were excluded from all analyses resulting
in the exclusion of three NF-L concentration values (n = 1
AN_T1, n=1 AN_T2, and n=1 HC), four tau protein
concentration values (=1 AN_T1, n=1 AN_T2, and
n=2 HC), and six GFAP concentration values (n =3
AN_T1, n=2 AN_T2, and n=1 HC).

Group comparisons of brain-derived protein marker levels
were conducted using false discovery rate (FDR) corrected
Welch two-sample t-tests (for one-sidled AN_T1 vs. HC
comparisons, with correction of degrees of freedom to
account for differences between groups in the variance) and
matched sample t-tests (for one-sided AN_T1 vs. AN_T2
comparisons). The results of the group comparisons were
validated by several additional analyses (e.g., excluding AN
participants on antidepressant medication; see SI 1.3 for
details). In order to validate our results against a potential
violation of the normality assumption, we also reproduced
the group comparisons with non-parametric tests (see SI
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1.3). Since associations between NF-L and GFAP levels and
age at sampling have been previously reported'>*, all cross-
sectional results were additionally validated by linear
regression analyses controlling for age and using boot-
strapped 95% confidence intervals (see SI 1.3 for details).
Pearson correlations of protein levels (and change in
protein levels) with BMI-SDS (as well as a change in
BMI-SDS), age, BDI-II, and EDI-2 core scores were cal-
culated within diagnostic group. Furthermore, associa-
tions between protein levels in AN_T1 and duration of
illness or the weight loss in the six weeks preceding study
participation were explored. All correlational analyses
were validated against potential violations of normality
assumptions by non-parametric correlation analyses
(Kendall rank correlation coefficient, see SI 1.3 and 2.6).

Results
Study sample and clinical measures

The demographic and clinical characteristics of the
study sample are summarized in Table 1. AN and HC
participants did not differ with regard to age or IQ. AN
participants had significantly lower BMI-SDS and mini-
mal lifetime BMI and higher symptom levels than HC
(EDI-2 core and BDI-II). Between timepoint one and
timepoint two, AN participants showed a significant
increase in BMI-SDS (range of BMI increase: 14—46%), a
significant decrease in BDI-II scores, and a trend towards
a decrease in EDI-2 core scores.

Analysis of brain-derived protein markers

Group comparisons revealed significantly increased levels
of NF-L, tau protein, and GFAP in AN_T1 compared to
HC. All statistics are reported in Table 2. Linear regression
analyses controlling for age confirmed these results (see SI
2.1 for details). In the regression analyses, GFAP was sig-
nificantly predicted by diagnostic group, age, and the
interaction of group with age (see SI, Table S1 for details). A
visual inspection of these results (SI Fig. SF3) also revealed
that the age effect in GFAP levels was mainly driven by
acAN participants (see also correlational analysis below).

In line with the results of the regression analyses, two-
sided correlation analyses revealed a negative association
between GFAP and age in AN_T1 (r=-0415; p=
0.003). No other significant correlations between brain-
derived protein concentrations and age, BMI-SDS, EDI-2
core, or BDI-II scores were found (SI Table S2). However,
GFAP (and on a trend level NF-L) but not tau protein
levels in AN_T1 were positively associated with the
amount of weight loss in the six weeks prior to blood
sampling (one-sided analyses; GFAP: r = 0.375; p = 0.008;
NF-L: r=0.234; p =0.068). None of the proteins were
related to duration of illness in AN_T1 (SI Table S3).

In AN participants, there was a significant decrease from
the first to the second measurement in NF-L and in GFAP
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Table 1 Mean values (standard deviation) of sample characteristics and statistics of group comparisons.

AN_T1? AN_T2P HC AN_T1 vs. HC AN_T1 vs. AN_T2
t df p t df p

Age (years) 16.36 16.59 16.36 0.007 102.81 0.995 - - -
(2.29) (2.28) (2.24)

1Q 11271 11213 024 7942 0811 - - -

(14.13)¢ (9.19)

BMI-SDS —2.88 —0.67 —0.05 —1853 98.04 <0.0017*** —24.96 51 <0.001%**
(0.86) (0.57) (0.70)

Minimal lifetime BMI 14.86 19.52 —1551 7294 <0.0071%** - - -
(1.06) (1.80)

EDI-2 core 24.57 23.24 15.82 7.8 86.79 <0.001%*** 1.77 50 0.041
(747) (7.90) 4.77)

BDI-I 2347 15.16 598 9.92 80.88 <0.001%*** 6.30 50 <0.007***
(11.06) (11.30) 6.33)

Note: AN_T1 participants with acute anorexia nervosa (mean duration of current AN episode: 10.65 months (standard deviation: 12.58)), AN_T2 participants with
anorexia nervosa after partial weight restoration, HC healthy control participants, BMI-SDS body mass index standard deviation score, EDI-2 Eating Disorder Inventory,

version 2; BDI-Il Beck Depression Inventory, version 2.

244 AN participants were of the restrictive and nine of the binge-eating/purging subtype.
PMean duration between assessments in AN patients was 81.57 days (range: 35-154).

IQ was only measured once in AN participants after weight gain.
***False discovery rate (FDR) < 0.001.

Table 2 Mean values (standard deviation) of brain-derived protein marker concentrations and statistics of group

comparisons.

AN_T1 AN_T2 HC AN_T1 vs. HC AN_T1 vs. AN_T2
t df p t df p

NF-L (pg/ml) 11.99 7.08 6.15 5.66 64.15 <0.001*** 745 51 <0.0071***
(6.99) (4.52) (2.53)

Tau (pg/ml) 1.50 1.50 1.18 2.53 97.35 0.006** 0.03 51 0487
(0.72) (0.68) (0.58)

GFAP (pg/ml) 13633 10643 9848 512 81.44 <0.0071%** 7.73 49 <0.0071***
(44.66) (32.65) (27.79)

Note: AN_T1 participants with acute anorexia nervosa, AN_T2 participants with anorexia nervosa after partial weight restoration, HC healthy control participants, NF-L

neurofilament light, GFAP glial fibrillary acidic protein.
**False discovery rate (FDR) <0.01.
***EDR < 0.001.

levels, but not in tau protein levels (all statistics reported in
Table 2). No differences were found between AN_T2 and
HC participants in NF-L and GFAP levels (see SI 2.5).

Change in NF-L and GFAP levels was significantly
associated with change in BMI-SDS (one-sided analyses;
NF-L: r=-0417; p=0.001; GFAP: r=-0.361; p=
0.005), while the change in tau protein levels was not (see
SI Table S4).

The results from both cross-sectional and longitudinal
group comparisons were confirmed by analyses excluding
AN participants on antidepressant medication (m=1 in
AN_T1, n=2 in AN_T?2), or excluding AN participants of

the binge-eating/purging subtype (n =9; see SI 2.2 and 2.3
and Supplementary Table S5 for details). Furthermore, all
results from the group comparisons and correlational ana-
lyses were confirmed by non-parametric analyses as descri-
bed above (SI Tables S6-S9). The only exception was the
association between GFAP and age in AN_T1, which did
not survive FDR-correction in the nonparametric approach.

Discussion

The aim of this study was to gain insight into factors
potentially underlying the well-replicated and substantial
brain structure alterations in AN°~"*° by longitudinally
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studying brain-derived neural and glial protein markers.
We found elevated levels of NF-L, tau protein, and GFAP
in acutely underweight AN patients at the beginning of
weight restoration treatment compared to HC. These
findings may be indicative of neuronal and glial damage
processes in the acute phase of AN'®'”?% Upon partial
weight restoration, NF-L and GFAP levels normalized, but
tau protein levels remained elevated. Since tau protein is
abundantly found in thin non-myelinated axons of cor-
tical interneurons'®'’, this finding might indicate that
neuronal damage processes in these cell types persist
upon short-term/partial weight restoration.

Neurofilaments are structural scaffolding proteins exclu-
sively expressed in neurons*'. The most abundant subunit
of neurofilaments is NF-L'”. It mainly occurs in axons,
where it is responsible for radial growth and thus aids to
increase conduction velocity'®. Upon axonal injury, NF-L
concentration levels increase significantly in blood and may
therefore be considered a damage marker'’. In our study,
we found elevated serum levels of NF-L in AN_T1 com-
pared to HC. This finding suggests that axons may be
damaged in the acutely underweight phase of AN. These
results are in line with the only previous study examining
NE-L levels in acute AN using a cross-sectional design and
single-marker assay®”. Following short-term partial weight
restoration, we observed a normalization of NF-L levels in
AN participants, which was associated with the increase in
BMI-SDS. This may reflect a cessation of axonal damage
processes. Similar observations have been made in patients
with multiple sclerosis, where a reduction of NF-L levels
was seen after clinically effective treatment™,

Tau protein levels were also elevated in AN_T1 com-
pared to HC. Tau is a microtubule-binding protein’. In
the brain, it is mainly found in neurons, where it is pri-
marily localized in axons**** Its functions include the
stabilization of microtubules, promoting microtubule
assembly, and the regulation of axonal transport™. Tau
protein—like NF-L—is hypothesized to be an axonal
damage marker because concentrations are increased in
CSF and blood following injury®'®**, Elevated tau protein
levels have been detected in blood samples of populations
suffering from various forms of brain injury (e.g., trau-
matic brain injury, concussion, and hypoxic brain
injury'®*>**). Our finding of elevated tau protein levels in
AN_T1 thus substantiates the hypothesis of axonal injury
occurring in the acutely underweight phase of AN.

Tau protein levels—unlike NF-L and GFAP levels—did
not decrease upon short-term partial weight restoration.
To our knowledge, this is the first study investigating tau
protein levels in AN. A replication of this finding by other
studies is therefore needed. If confirmed, a possible
explanation might be that the duration of cell damage
processes varies in different types of neurons. Tau protein
can be found in high concentrations in thin non-
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myelinated axons of cortical interneurons'®'?, while NF-
L is abundant in large-caliber myelinated axons'®'”. It is
thus tempting to speculate that whereas myelinated axons
might be rapidly restored after weight gain, cortical
interneurons could remain affected by ongoing axonal
injury over longer time periods. GFAP (and on a trend
level NF-L) but not tau protein levels in AN_T1 were
associated with weight loss in the six weeks before study
participation. This, too, hints that the release dynamics of
tau protein might be different than for NF-L and GFAP.
To answer this question, it might be insightful to study
whether tau protein levels normalize slower than NF-L
and GFAP levels or if they remain elevated even in long-
term fully (weight-)recovered individuals with a history of
AN (recAN). To our knowledge, tau protein levels in
recAN have not yet been investigated, but Nilsson et al.>’
reported higher NF-L levels in recAN than in HC. The
discrepancy to our results could potentially be due to the
fact that the present study included predominantly ado-
lescent AN participants, while the recAN studied by
Nilsson et al.** were older. A recent neuroimaging study®’
showed that the restoration of cortical thickness in AN
patients is negatively correlated with age, suggesting
slower brain restitution in older patients — potentially as a
result of decreased brain plasticity.

GFAP is an intermediate filament found in mature
astrocytes”. It is responsible for the cytoskeletal structure
of glial cells and helps to maintain their mechanical
strength®®, Elevated GFAP levels have been associated
with astroglial injury and cell death and normalization of
GFAP levels is hypothesized to reflect the restoration of
astroglial integrity”®. Hence, our findings of elevated
GFAP levels in AN_T1 suggest that glial damage may
occur in the acutely underweight AN state. Astroglial
integrity seems to be restored after partial weight
restoration as indicated by the normalization of GFAP
levels observed in AN_T?2. Also the reduction of GFAP
levels—like NF-L—was associated with the increase in
BMI-SDS. To date only one other study has studied GFAP
levels in patients with acute AN: Ehrlich et al.'* did not
find any significant difference in GFAP levels between
acutely underweight AN patients and HC. A possible
explanation for these different findings might be the use
of the highly sensitive Simoa technology in the present
study, allowing for the detection of smaller differences in
protein concentrations. We found a (trend towards a)
negative association between GFAP and age in AN _T1,
which was not seen in HC. This finding is in line with the
significant interaction seen in the regression analysis
predicting GFAP. Given that GFAP levels usually increase
with age, a positive association between age and GFAP
levels would have been expected*"*. GFAP has been
identified as an astrocyte maturation marker because
astrocyte maturation coincides with a switch between
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vimentin and GFAP expression*’. The finding of a nega-
tive correlation in AN_T1 might thus point towards dis-
rupted maturational processes in acutely underweight AN
patients'>—potentially due to undernutrition.

Overall, the findings of elevated NF-L, tau protein, and
GFAP levels in AN_T1 are thus suggestive of ongoing
damage to brain cells. Although we did not analyze
potential relationships with measures of brain structure,
these findings are generally in line with previous structural
MRI findings of white and gray matter atrophy and cortical
thinning in patients with acute AN>°. Elevated NF-L and
tau protein levels point towards damage of neuronal axons.
The rapid normalization of NF-L and GFAP levels after
weight gain may reflect a return to (partially) normal cel-
lular functioning in the brain. This, again, is in line with
neuroimaging studies showing that brain structure altera-
tions normalize upon partial weight restoration>®,

Regarding the mechanisms underlying brain structure
alterations in acute AN, several hypotheses have been put
forward™®. An early hypothesis has been the degeneration
of neurons®***°. Actual cell death could explain the ele-
vated NF-L and tau protein levels in acutely underweight
AN. However, given the relatively fast normalization of
gray and white matter reductions with weight restoration
in AN, classical neurodegeneration with following neuro-
genesis is unlikely to be the reason for brain structure
alterations in AN®. Human adult neurogenesis, where
present, proceeds at turnover rates not compatible with the
speed of brain volume normalizations observed in AN (e.g.,
<2% median annual turnover in hippocampal neurons)°. It
is, therefore, more reasonable to assume that a damage
process without complete degeneration of neurons takes
place. Based on post-mortem case studies and theoretical
considerations these remodeling processes have been
hypothesized to include changes to dendrites (shorter
dendrites, less dendritic branching, fewer spines, and
dendritic spine abnormalities) as well as soma (changes to
soma size and density)>®>'. Rodent studies have yielded
mixed results regarding neuronal alterations and/or
damage in preclinical models of acute AN. In the activity-
based anorexia (ABA) animal model, Frintrop et al.>* found
no alteration in neuron number and size. On the other
hand, Chowdhury et al.>® found morphological changes in
CA1 pyramidal cells in the hippocampus in ABA. Other
rodent studies have found pre- and/or postnatal protein
malnutrition to be associated with a reduced number of
neurons and a decrease in the diameter of apical dendrites
of hippocampal pyramidal cells®**”.

The elevated GFAP levels found in AN_T1 suggest
astrocyte injury. This finding, too, has to be interpreted in
the light of the brain volume normalizations that were
reported in association with weight restoration in AN®,
Complete degeneration of astrocytes would thus be
plausible only if astrocytes could be rapidly regenerated
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upon weight gain. Astrocyte turnover in the healthy brain
is slow and there is only little proliferation or new gen-
eration of astrocytes®®. However, upon injury of the cen-
tral nervous system (CNS), reactive astrogliosis can occur,
associated with different processes depending on the
severity of the CNS injury®®. Reactive astrogliosis can lead
to an upregulation of GFAP expression and the pro-
liferation of astrocytes which could make this a potential
mechanism for the regeneration of astrocytes. However,
this process seems unlikely to underlie protein level and
brain structure normalizations observed in AN for various
reasons. For example, severe diffuse reactive astrogliosis is
usually observed in reaction to severe local CNS impair-
ments different from the general brain atrophy seen in
acute AN. Moreover, if astrogliosis occurred in AN, one
would expect it to begin early during weight loss and
ongoing brain damage and not upon weight gain. All in
all, it therefore seems likely that GFAP is not released due
to astrocyte degeneration but rather due to astrocyte
damage or alterations (e.g., smaller or less mature astro-
cytes®). Astrocytes interact with neurons in multiple ways:
For example, they play an important role in synaptic
transmission and in CNS metabolism>°. Astrocyte damage
could therefore be directly linked to neuronal function
and maybe even to neuronal injury. The importance of
astrocyte alterations in AN is also underscored by findings
in animal models of AN°>*’, In the ABA paradingz, for
example, brain volume reductions after starvation were
shown to be associated with a reduction in GFAP-stained
astrocytes, a reduced mean astrocyte cell surface, and a
reduction in the mean number of proliferating cells. After
refeeding, these changes were no longer evident>>.

Associations of NF-L, tau, and/or GFAP levels with the
severity of brain damage or brain atrophy have also been
found in conditions such as traumatic brain injury, stroke,
Alzheimer’s disease, and old age”'®***®*°, These findings
strengthen our hypothesis of subtle neuronal and glial
damage underlying the elevated brain-derived protein
marker levels found in acutely underweight AN patients.
Others have reported associations of NF-L, tau protein,
and GFAP levels with cognitive impairments in various
diseases or in healthy individuals®®*°~®*, Future studies
should test such relationships in the context of AN,
especially since impairments in cognitive functioning in
AN have been reported®®°.

The results of our study have to be considered in light of
several limitations. First, we measured protein con-
centrations in blood samples. While this method has the
advantage of being less invasive than CSF sampling, it has
been hypothesized that the blood—brain—barrier might be
more permeable in acute AN>?°. In the context of our
results, the notion that astrocytes are likely to be relevant
for maintaining the blood-brain-barrier®®®” makes this
point particularly relevant. The increased serum protein
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marker levels observed in this study could thus be due to
increased blood—brain—barrier permeability rather than
caused by an actual increase in the release from brain
cells. Studies of protein marker levels in CSF of AN
patients are needed to address this problem. Furthermore,
the peripheral brain-derived protein concentrations may
be influenced by inflammatory and hormonal changes in
AN. Second, since our study group consisted mainly of
adolescent participants, a bias due to developmental
effects could be present. This bias is, however, unlikely to
have influenced the results of our group comparisons,
since pairwise age-matching was carried out resulting in
very small age differences in single pairs. Further studies
are however needed to explore NF-L, tau protein, and
GFAP levels in older AN patients. Since the speed of
normalization of structural brain changes in AN may
depend on age®’, age-related effects on protein levels as
well might be found in study samples with a broader age
range. Third, another limitation of the study is the nat-
uralistic convenience sample, the lack of premorbid data
in AN, and the absence of longitudinal protein level
measurements in HC. Future studies should also strive to
collect objective data on weight trajectories and dietary
intake preceding blood sampling in order to avoid self-
report-biases. Fourth, to test the utility of NF-L, tau
protein, and GFAP as prognostic or monitoring markers,
a prolonged sampling (perhaps in combination with MRI
data collection) in individuals cycling through the stages
of relapse and remission is needed. Last but not least, it
has to be noted that we did not explore associations with
brain macrostructure. Conclusions regarding how the
current findings might relate to previous MRI findings
must thus be drawn with care and are necessarily spec-
ulative. Future studies should focus on this question by
directly exploring associations of brain-derived protein
markers with brain macrostructure in patients with neu-
ropsychiatric disorders as well as healthy individuals.
The present work has multiple strengths, including being
the first study to simultaneously assess three well-
established brain-derived protein markers of brain injury
in AN using the highly sensitive Simoa technology. Fur-
thermore, the collection of longitudinal data allows for a
distinction between effects in the acute undernourished
state and effects outlasting partial weight restoration, as
seen in the differential temporal profiles of NF-L and tau
protein levels.

To conclude, we found elevated NF-L, GFAP, and tau
protein serum levels in acutely underweight AN partici-
pants suggesting ongoing neuronal and glial damage in the
brain. Relatively fast normalization of NF-L and GFAP
levels after weight gain may indicate a partial restoration of
neuronal and glial integrity. The persistence of elevated tau
protein may suggest that the damage processes to thin
non-myelinated axons of cortical interneurons may persist
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over a longer period of time. Further research in this field
might promote the understanding of processes occurring
on a neuronal and glial level in AN and thus help to
identify key targets for the development of new therapeutic
interventions that may also include neuroprotective phar-
macological agents®®®”,

Acknowledgements

This work was supported by the Deutsche Forschungsgemeinschaft (Grant
numbers EH 367/5-1, EH 367/7-1, and SFB 940/2), the Swiss Anorexia Nervosa
Foundation, and the B. Braun Foundation. Open Access Funding by the
Publication Fund of the TU Dresden. The authors would like to thank all
associated research assistants for their help with participant recruitment and
data collection and thank all participants for their time and cooperation.

Author details

'Division of Psychological and Social Medicine and Developmental
Neuroscience, Faculty of Medicine, Technische Universitat Dresden, Dresden,
Germany. “Translational Developmental Neuroscience Section, Eating Disorder
Research and Treatment Center, Department of Child and Adolescent
Psychiatry, Faculty of Medicine, Technische Universitdt Dresden, Dresden,
Germany. *Center of Clinical Neuroscience, Neurological Clinic, University
Hospital Carl Gustav Carus, Faculty of Medicine, Technische Universitat
Dresden, Dresden, Germany. “Department of Child and Adolescent Psychiatry,
Faculty of Medicine, University Hospital Carl Gustav Carus, Technische
Universitdt Dresden, Dresden, Germany

Funding
Open Access funding enabled and organized by Projekt DEAL.

Conflict of interest

I. Hellerhoff, J. A. King, F. I. Tam, S. Pauligk, M. Seidel, D. Geisler, K. Bahnsen,

N. Kretschmann, and S. Ehrlich declare no competing interests. K. Akguin received
honoraria for presentations/advisory boards from Biogen Idec, Merck, Sanofi, and
Roche. V. Roessner has received payment for consulting and writing activities
from Lilly, Novartis, and Shire Pharmaceuticals, lecture honoraria from Lilly,
Novartis, Shire Pharmaceuticals, and Medice Pharma, and support for research
from Shire and Novartis. He has carried out (and is currently carrying out) clinical
trials in cooperation with the Novartis, Shire, and Otsuka companies. T. Ziemssen
received personal compensation from Almirall, Biogen Idec, Bayer, Celgene,
Novartis, Roche, Sanofi, Teva for consulting services. He received additional
financial support for research activities from BAT, Biogen, Novartis, Roche, Teva,
and Sanofi Aventis. Funding sources were not involved in the design of the
study, the collection and analysis of data, or the decision to publish.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/541398-021-01209-w.

Received: 15 May 2020 Revised: 8 December 2020 Accepted: 11 December
2020

Published online: 09 February 2021

References

1. American Psychiatric Association. Diagnostic and Statistical Manual of Mental
Disorders. (2013).

2. Westmoreland, P, Krantz, M. J. & Mehler, P. S. Medical complications of
anorexia nervosa and bulimia. Am. J. Med. 129, 30-37 (2016).

3. Treasure, J, Claudino, A. M. & Zucker, N. Eating disorders. Lancet 375, 583-593
(2010).

4. Krieg, J-C, Pirke, K-M, Lauer, C. & Backmund, H. Endocrine, metabolic and
cranial computed tomographic findings in anorexia nervosa. Biol. Psychiatry
23, 377-387 (1988).


https://doi.org/10.1038/s41398-021-01209-w

Hellerhoff et al. Translational Psychiatry (2021)11:86

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.
30.

Seitz, J, Konrad, K & Herpertz-Dahlmann, B. Extend, pathomechanism and
clinical consequences of brain volume changes in anorexia nervosa. Curr.
Neuropharmacol. 16, 1164-1173 (2018).

King, J. A, Frank, G. K. W, Thompson, P. M. & Ehrlich, S. Structural neuroima-
ging of anorexia nervosa: future directions in the quest for mechanisms
underlying dynamic alterations. Biol. Psychiatry 83, 224-234 (2018).

Cascino, G. et al. Cortical thickness, local gyrification index and fractal
dimensionality in people with acute and recovered anorexia nervosa and
in people with bulimia nervosa. Psychiatry Res. Neuroimaging 299, 111069
(2020).

Van den Eynde, F. et al. Structural magnetic resonance imaging in eating
disorders: a systematic review of voxel-based morphometry studies. Eur. Eat.
Disord. Rev. 20, 94-105 (2012).

Kawata, K. et al. Blood biomarkers for brain injury: what are we measuring?
Neurosci. Biobehav. Rev. 68, 460-473 (2016).

Zetterberg, H., Smith, D. H. & Blennow, K. Biomarkers of mild traumatic
brain injury in cerebrospinal fluid and blood. Nat. Rev. Neurosci. 9, 201-210
(2013).

Wilson, D. H. et al. The Simoa HD-1 analyzer: a novel fully automated digital
immunoassay analyzer with single-molecule sensitivity and multiplexing. J.
Lab. Autom. 21, 533-547 (2016).

Ehrlich, S. et al. Glial and neuronal damage markers in patients with anorexia
nervosa. J. Neural Transm. 115, 921-927 (2008).

Kuhle, J. et al. Comparison of three analytical platforms for quantification of
the neurofilament light chain in  blood samples: ELISA,  electro-
chemiluminescence immunoassay and Simoa. Clin. Chem. Lab. Med. 54,
1655-1661 (2016).

Quanterix. Ultrasensitive Tau Assay Enables Quantification of Neuronal Bio-
marker in Blood for the First Time. (2013).

Quanterix. Human Neurology 4-Plex ‘A’ NF-light®, Tau, GFAP*, UCHL-1*.
(2017).

Bogoslovsky, T. et al. Increases of plasma levels of glial fibrillary acidic protein,
tau, and amyloid 3 up to 90 days after traumatic brain injury. J. Neurotrauma
34, 66-73 (2017).

Gaetani, L. et al. Neurofilament light chain as a biomarker in neurological
disorders. J. Neurol. Neurosurg. Psychiatry 90, 870-881 (2019).

Yuan, A, Rao, M. V, Veeranna & Nixon, R. A. Neurofilaments at a glance. J. Cell
Sci. 125, 3257-3263 (2012).

Trojanowski, J. Q, Schuck, T, Schmidt, M. L. & Lee, V. M-Y. Distribution of tau
proteins in the normal human central and peripheral nervous system. J. His-
tochem. Cytochem. 37, 209-215 (1989).

Disanto, G. et al. Serum neurofilament light: a biomarker of neuronal damage
in multiple sclerosis. Ann. Neurol. 81, 857-870 (2017).

Eng, L. F, Ghimikar, R. S. & Lee, Y. L. Glial fibrillary acidic protein: GFAP-thirty-
one years (1969-2000). Neurochem Res. 25, 1439-1451 (2000).

Aurell, A. et al. Determination of S-100 and glial fibrillary acidic protein con-
centrations in cerebrospinal fluid after brain infarction. Stroke 22, 1254-1258
(1991).

Herrmann, M. & Ehrenreich, H. Brain derived proteins as markers of acute
stroke: their relation to pathophysiology, outcome prediction and neuropro-
tective drug monitoring. Restor. Neurol. Neurosci. 21, 177-190 (2003).
Kassubek, R. et al. GFAP in early multiple sclerosis: a biomarker for inflam-
mation. Neurosci. Lett. 657, 166-170 (2017).

Randall, J. et al. Tau proteins in serum predict neurological outcome after
hypoxic brain injury from cardiac arrest: results of a pilot study. Resuscitation
84, 351-356 (2013).

Yang, Z. & Wang, K K W. Glial fibrillary acidic protein: from intermediate
filament assembly and gliosis to neurobiomarker. Trends Neurosci. 38, 364-374
(2015).

Kaufmann, L-K et al. Age influences structural brain restoration during weight
gain therapy in anorexia nervosa. Transl. Psychiatry 10, 126 (2020).

Fichter, M. & Quadflieg, N. SIAB. Strukturiertes Inventar fir Anorektische und
Bulimische Essstérungen Nach DSM-IV und ICD-10. (Huber, 1999).

Paul, T. & Thiel, A. EDI-2. Eating Disorder Inventory-2. (Hogrefe, 2005).

Ehrlich, S. et al. Reduced functional connectivity in the thalamo-insular sub-
network in patients with acute anorexia nervosa: functional Connectivity in
Anorexia Nervosa. Hum. Brain Mapp. 36, 1772-1781 (2015).

Geisler, D. et al. Abnormal functional global and local brain connectivity in
female patients with anorexia nervosa. J. Psychiatry Neurosci. 41, 6-15
(2016).

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 8 of 9

Monteleone, A. M. et al. The association between childhood maltreatment
and eating disorder psychopathology: a mixed-model investigation. Eur. Psy-
chiatry 61, 111-118 (2019).

Hautzinger, M, Keller, F. & Kuhner, C. BDIHIl. Beck Depressions-Inventar. (Pearson
Assessment & Information, 2009).

Kromeyer-Hauschild, K. et al. Perzentile fir den body-mass-Index fir das
Kindes- und Jugendalter unter Heranziehung verschiedener deutscher Stich-
proben. Monatsschr Kinderheilkd. 149, 807-818 (2001).

Hemmelmann, C, Brose, S, Vens, M, Hebebrand, J. & Ziegler, A. Perzentilen des
Body-Mass-Index auch fir 18- bis 804ahrige? Daten der Nationalen Ver-
zehrsstudie Il. Dtsch. Med. Wochenschr. 135, 848-852 (2010).

Harris, P. A. et al. Research electronic data capture (REDCap)—a metadata-
driven methodology and workflow process for providing translational
research informatics support. J. Biomed. Inf. 42, 377-381 (2009).

Quanterix. Simoa TM N4PA advantage kit. Kit instructions for HD-1. (2017).

R Core Team. R: A Language and Environment for Statistical Computing. (R
Foundation for Statistical Computing, 2018).

Nilsson, I. A. K et al. Plasma neurofilament light chain concentration is
increased in anorexia nervosa. Transl. Psychiatry 9, 180 (2019).

Miles, A. E, Voineskros, A. N, French, L. & Kaplan, A. S. Subcortical volume and
cortical surface architecture in women with acute and remitted anorexia
nervosa: an exploratory neuroimaging study. J. Psychiatr Res. 102, 179-185
(2018).

Khalil, M. et al. Neurofilaments as biomarkers in neurological disorders. Nat.
Rev. Neurol. 14, 577-589 (2018).

Teunissen, C. E. & Khalil, M. Neurofilaments as biomarkers in multiple sclerosis.
Mult. Scler. 18, 552-556 (2012).

Binder, L. I, Frankfurter, A. & Rebhun, L. |. The distribution of tau in the
mammalian central nervous system. J. Cell Biol. 101, 1371-1378 (1985).
Wang, Y. & Mandelkow, E. Tau in physiology and pathology. Nat. Rev. Neurosci.
17, 5-21 (2016).

Shahim, P. et al. Blood biomarkers for brain injury in concussed professional
ice hockey players. JAMA Neurol. 71, 684-692 (2014).

Vagberg, M. et al. Levels and age dependency of neurofilament light and glial
fibrillary acidic protein in healthy individuals and their relation to the brain
parenchymal fraction. PLoS ONE 10, 0135886 (2015).

Gomes, F. C, Paulin, D. & Moura-Neto, V. Glial fibrillary acidic protein (GFAP):
Modulation by growth factors and its implication in astrocyte differentiation.
Braz. J. Med. Biol. Res. 32, 619-631 (1999).

Hoffman, G. W. Jr. et al. Cerebral atrophy in anorexia nervosa: a pilot study. Biol.
Psychiatry 26, 321-324 (1989).

Katzman, D. K et al. Cerebral gray matter and white matter volume deficits in
adolescent girls with anorexia nervosa. J. Pediatr. 129, 794-803 (1996).
Bergmann, O,, Spalding, K. L. & Frisén, J. Adult neurogenesis in humans. Cold
Spring Harb. Perspect. Biol. 7, a018994 (2015).

Neumarker, K-J. et al. Anorexia nervosa and sudden death in childhood:
clinical data and results obtained from quantitative neurohistological investi-
gations of cortical neurons. Eur. Arch. Psychiatry Clin. Neurosci. 247, 16-22
(1997).

Frintrop, L. et al. The reduction of astrocytes and brain volume loss in anorexia
nervosa—the impact of starvation and refeeding in a rodent model. Transl.
Psychiatry 9, 159 (2019).

Chowdhury, T. G. et al. Activity-based anorexia during adolescence disrupts
normal development of the CAT pyramidal cells in the ventral hippocampus
of female rats. Hippocampus 24, 1421-1429 (2014).

Garcia-Ruiz, M, Diaz-Cintra, S, Cintra, L. & Corkidi, G. Effect of protein mal-
nutrition on CA3 hippocampal pyramidal cells in rats of three ages. Brain Res.
625, 203-212 (1993).

Lister, J. P. et al. Effect of prenatal protein malnutrition on numbers of neurons
in the principal cell layers of the adult rat hippocampal formation. Hippo-
campus 15, 393-403 (2005).

Sofroniew, M. V. & Vinters, H. V. Astrocytes: biology and pathology. Acta
Neuropathol. 119, 7-35 (2010).

Reyes-Haro, D. et al. Anorexia reduces GFAP+ cell density in the rat hippo-
campus. Neural Plast. 2016, 2426413 (2016).

Dage, J. L. et al. Levels of tau protein in plasma are associated with neuro-
degeneration and cognitive function in a population-based elderly cohort.
Alzheimers Dement. 12, 12261234 (2016).

Idland, A-V. et al. CSF neurofilament light levels predict hippocampal atrophy
in cognitively healthy older adults. Neurobiol. Aging 49, 138-144 (2017).



Hellerhoff et al. Translational Psychiatry (2021)11:86

60.

61.

62.

63.

Anderson, A. M. et al. Neurofilament light chain in blood is negatively asso-
ciated with neuropsychological performance in HiV-infected adults and
declines with initiation of antiretroviral therapy. J. Neurovirol. 24, 695-701
(2018).

Beste, C. et al. How minimal variations in neuronal cytoskeletal integrity
modulate cognitive control. Neuroimage 185, 129-139 (2019).

Lin, Y-S, Lee, W-J, Wang, S-J. & Fuh, J-L. Levels of plasma neurofilament light
chain and cognitive function in patients with Alzheimer or Parkinson disease.
Sci. Rep. 8, 17368 (2018).

Oeckl, P. et al. Glial fibrillary acidic protein in serum is increased in Alzheimer's
disease and correlates with cognitive impairment. J. Alzheimers Dis. 67,
481-488 (2019).

Quintana, E. et al. Cognitive impairment in early stages of multiple sclerosis is
associated with high cerebrospinal fluid levels of chitinase 3-like 1 and neu-
rofilament light chain. Eur. J. Neurol. 25, 1189-1191 (2018).

65.

66.

67.

68.

69.

Page 9 of 9

Weider, S, Indredavik, M. S, Lydersen, S. & Hestad, K. Neuropsychological
function in patients with anorexia nervosa or bulimia nervosa. Int J. Eat. Disord.
48, 397-405 (2015).

Zakzanis, K. K, Campbell, Z. & Polsinelli, A. Quantitative evidence for distinct
cognitive impairment in anorexia nervosa and bulimia nervosa. J. Neu-
ropsychol. 4, 89-106 (2010).

Liebner, S. et al. Functional morphology of the blood-brain barrier in health
and disease. Acta Neuropathol. 135, 311-336 (2018).

Frank, G. K- W. Pharmacotherapeutic strategies for the treatment of anorexia
nervosa—too much for one drug? Expert Opin. Pharmacother. 21, 1045-1058
(2020).

Robertson, O. D., Coronado, N. G., Sethi, R, Berk, M. & Dodd, S.
Putative neuroprotective pharmacotherapies to target the staged
progression of mental illness. Early Interv. Psychiatry 13, 1032-1049
(2019).



	Differential longitudinal changes of neuronal and glial damage markers in anorexia nervosa after partial weight restoration
	Introduction
	Materials and methods
	Participants
	Clinical measures
	Blood sampling and Simoa analysis
	Statistical analyses

	Results
	Study sample and clinical measures
	Analysis of brain-derived protein markers

	Discussion
	Acknowledgements




