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Abstract 

Anorexia nervosa (AN) is a complex and serious mental disorder, which may affect individuals 

of all ages and sex, but primarily affecting young women. The disease is characterized by a 

disturbed body image, restrictive eating behavior, and a lack of acknowledgment of low body 

weight. The underlying causes of AN remain largely unknown, and current treatment options 

are limited to psychotherapy and nutritional support. This paper investigates the impact of 

Fecal Microbiota Transplants (FMT) from AN patients on food intake, body weight, behavior, 

and gut microbiota in antibiotic-treated mice. Two rounds of FMT were performed using AN 

and control (CO) donors. During the second round of FMT, a subset of mice received FMT 

from a different donor type. This split-group cross-over design was chosen to demonstrate any 

recovery effect of FMT from a healthy donor. The first FMT, from AN donors, resulted in 

lower food intake in mice without affecting body weight. After FMT2, serum analysis revealed 

higher levels of appetite-influencing hormones (PYY and leptin) in mice receiving AN-GM. 

Gut microbiota analysis showed significant differences between AN and CO mice after FMT1, 

before cross-over. Specific bacterial genera and families Ruminococcaceae, Lachnospiraceae, 

and Faecalibacterium showed different abundances in AN and CO receiving mice. Behavioral 

tests showed decreased locomotor activity in AN mice after FMT1. Overall, the results suggest 

that AN-GM may contribute to altered food intake and appetite regulation, which can be 

ameliorated with FMT from a healthy donor potentially offering FMT as a supportive treatment 

for AN. 
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Introduction 

Anorexia nervosa (AN) is a complex and serious mental disorder, which may affect individuals of all 

ages and sex with the highest prevalence in young women (1, 2). Restrictive AN is characterized by a 

disturbed body image or lack of acknowledgement of low body weight and behavior that interferes with 

weight gain (3). AN is in some cases preceded by depression, trauma, gastrointestinal symptoms, an 

infection, or a combination hereof, however, in most cases, the etiology is largely unknown (4). 

Treatment options for AN are still limited to mainly psychotherapy and nutritional support and new 

avenues of approach to therapy are warranted. 

There is growing evidence which supports the role of human gut microbiome (GM) in health, weight 

regulation and metabolic function, and, therefore, it may be hypothesized that GM plays a role in the 

etiology of AN. In this emerging field, several studies have now shown significant GM differences in 

patients with AN compared to healthy subjects, termed a dysbiosis (5-11). A microbiome dysbiosis is 

characterized by either loss of commensals, expansion of pathobionts, loss of microbial diversity, or 

combinations hereof (12). It has also been demonstrated that weight restoration and introduction to 

regular diets and therapy of AN patients does not rectify the dysbiosis of the AN-GM (13-15). Currently, 

two single case studies, and one protocol, have been published exploring the use of fecal matter 

transplantation (FMT) as a possible therapeutic approach to rectifying dysbiosis by transferring GM 

from healthy donors to AN patients (16-18).  

In mice there are only a few studies investigating the potential transfer of AN phenotypical and 

behavioral traits by FMT from AN patients to germ-free (GF) mice in order to show causality. Fan et 

al. (2023) showed a larger initial decrease in body weight and a slower weight gain over time in mice 

receiving AN microbiota compared with mice that received healthy-control FMT. However, the study 

does not take food intake into consideration. Hata et al. (2019) reported reduced body weights and 

behavioral changes in offspring from GF mice who received fecal microbiota from AN patients (19). 

The AN-receiving mice showed anxiety-like and compulsive behaviors when undergoing open-field 
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and marble-burying tests. In another study, Glenny et al. (2021) reported no relationship between AN-

associated GM and changes in body weight gain in adult recipient GF female and male mice (20). All 

three studies make use of GF mice but differ with respect to inoculums, mouse strain and other 

methodologies.  

Humanizing mouse models with human-to-mice FMT is an emerging concept with pros and cons that 

provides an ecologically relevant context to study the role of GM in health and disease. However, the 

major obstacles are low colonization rates from donor GM and immunological abnormalities observed 

in these mice (21). GF mice are usually the first choice for FMT studies, due to their immunological 

naivety towards living microbes and the absence of competition between the transplanted and the 

residual microbes present in non-GF models. However, the use of antibiotics (AB) to deplete native 

GM from mice should be considered when studying phenotype transfers already known to be associated 

with alterations in GM. AB depletion of GM allows for investigations of GM changes happening at 

certain life stages and in immune-competent mice (22).  

In this study, our approach is to use human-to-mouse FMT to transfer AN phenotypic traits to adolescent 

AB treated immunocompetent female mice. We observe food intake per cage, body weight gain and 

behavioral characteristics over time. We apply a split-group cross-over design, as we hypothesize that 

FMT from a healthy control donor might partially rescue an AN-GM induced phenotype and vice versa. 

We correlate this to appetite related biomarkers in mouse serum at the point termination. We 

hypothesize that the AN phenotype induced by FMT from a patient into AB treated mice will be rescued 

by FMT from a healthy control donor. Additionally, we conduct behavioral open field tests, 

hypothesizing that mice with the AN phenotype would show less activity compared to CO mice.  
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Results 

Fecal Microbiota Transplants from Anorexia Nervosa Patients lowers Food Intake without 

impacting Body Weights 

Body Weights: No body weight differences were observed in mice receiving fecal microbiota 

transplants (FMT) from anorexic donors (AN mice) compared to mice receiving FMT from control 

donors (CO mice) following the first five weeks of fecal microbiota transplants (FMT1) (Figure 1 left). 

Likewise, there were no differences in body weights following the split cross-over and four weeks of 

the second FMT (FMT2) analyzed according to either the last received donor type (AN or CO) (data 

not shown) or the combined donor from both FMTs (ANAN, COAN, ANCO, COCO) (Figure 1 right). 

 

Figure 1. Effects of FMT from AN and CO donors on body weight development. Left) FMT1 

(AN mice, n = 24, CO mice, n =24, (6+6 cages) for five weeks. Middle) three weeks of 

antibiotics (body weight not shown). Right) FMT2 shows the body weight of mice based on 

combined donor for FMT1 and FMT2. All mice were weighed twice a week and AUCs were 

calculated and evaluated by 2-way ANOVA with no statistical differences based on donor type. 
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Food Intake: Food was weighed per cage twice a week. Overall, the AN cages (after FMT1) and ANAN 

cages (after FMT2) had lower food intake between 1.9% and 6.9% accumulated in any comparison with 

other donor combinations. (For all comparisons see Supplementary Table 1). As shown in Figure 2, the 

food intake during FMT1 was significantly (*p = 0.020) lower in AN cages (n=6) compared to CO 

cages (n=6). There were no statistical differences between our two consecutive experiments, ExpA and 

ExpB, after FMT1 and hence analyzed as one. 

However, after FMT2, ExpA and ExpB were factorially different (*p = 0.013) and hence analyzed 

separately (Figure 3A and B). After FMT2, the ANAN cages have a reduced accumulated food intake 

than COCO or the cross-over groups COAN and ANCO. Both cross-over groups show intermediate 

food intake levels. Although there is a trend, the results from the separate ExpA or ExpB did not reach 

statistical significance.  

 

Figure 2. Effect of FMT1 on accumulated food intake over five weeks per cage (4 mice/cage). 

Statistical differences between AN cages (n=6, (mice n = 24)) and CO cages (n=6, (mice n = 

24)) were evaluated by 2-way ANOVA (AN/CO: *p < 0.020). 
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Figure 3. Effect after FMT2 on accumulated food intake per cage, over four weeks in a split 

cross-over design. Combined donor explanation: ANAN= same AN donor at FMT1 and FMT2, 

COAN= CO donor at FMT1 and AN donor at FMT2, ANCO= AN donor at FMT1 and CO 

donor at FMT2, COCO= same CO donor at FMT1 and FMT2. Statistical differences between 

combined donor groups and ExpA vs ExpB were evaluated by 2-way ANOVA. Since there 

was a significant difference between ExpA and ExpB (*p = 0.013), the two experiments were 

analyzed separately. Accumulated food intakes were then calculated and evaluated by 1-way 

ANOVA. A) shows ExpA (Cages n=12, (mice n = 24)) (p = ns). B) shows ExpB (Cages n=12, 

(mice n = 24)) (p = ns). 

 

Satiety-Inducing hormones are increased in AN Mice  

At the end of the FMT2, the animals were killed, and serum concentrations of six satiety and appetite 

related hormones were measured. As can be seen from Figure 4, ANAN mice had significantly higher 
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concentrations of PYY (increases satiety, *p = 0.012) and leptin (long term suppresser of food intake, 

*p = 0.019), compared to COCO mice. Insulin (inhibits feeding) and glucagon (suppresses appetite) 

were on average elevated in AN mice but did not reach statistical significance. Additionally, CO mice 

had on average higher serum concentrations ghrelin (appetite stimulating) but did not reach statistical 

significance. There was no difference in active GLP-1 (promotes satiety) serum levels between groups. 
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Figure 4. Effects of FMTs (Combined donor) on serum concentrations (pg/ml or μIU/mL) on 

appetite related molecules in serum. 1) PYY, 2) leptin, 3) insulin, 4) glucagon, 5) ghrelin and 

6) GLP-1 (active), were measured and evaluated by 2-way ANOVA. There were significant 

differences in PYY and leptin serum concentrations (*p = 0.012, *p = 0.012 respectively) and no 

significant differences in insulin, glucagon, ghrelin and GLP-1 (active). 

 

Humanization of Gut Microbiota in Mice after Antibiotics Treatment 

We manipulated the gut microbiota (GM) of the mice with AB and humanized them during FMT1 and 

FMT2 (Figure 5, p < **0.01). Based on the similarity coefficient Jaccard index which relies on the 

presence and absence of ASVs, we succeeded in depleting the GM from the original mouse GM 

(FS1=red) with antibiotics, illustrated by the shift in clustering from red to blue (FS2=blue). After five 

weeks of FMT1 the humanized mouse GMs (FS3=orange) are shifted (from blue) towards the human 

donors (AN=pink and CO=black) and still separate from the original mouse GM (FS1=red). After a 

second round of AB (FS4, data points are not shown), split cross-over and four weeks of FMT2, the 

humanized mouse GM is shifted once again (FS5=green).  
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Figure 5. Gut microbiota of human and mice samples shown by the Jaccard index. The effect 

of the antibiotic treatment can be seen in the first shift in microbiota from the non-manipulated 

mouse microbiota (FS1, red) to the mouse GM which was taken after AB treatment (blue, FS2). 

After five weeks of FMT1 the humanized mouse GM (orange, FS3) shifted from blue towards 

the human donor (AN, pink and CO, black) while still separated from the original mouse GM 

(FS1, red). After the second round of AB (not shown, FS4) and four weeks of FMT2, the 

humanized mouse GM is shifted again (green, FS5).  

After FMT1, our two consecutive experimental runs ExpA and ExpB were factorial different 

(**p < 0.01, Supplementary Figure 1) and thus analyzed separately. In both ExpA and ExpB 

the GM of the AN group was significantly different from the CO group (*p < 0.02, **p < 0.01, 

Figure 6). After FMT2, the two experimental runs were still significantly different (*p < 0.02, 

Supplementary Figure 2). However, after FMT2, there is no longer a significant difference 

between the now four subgroups in either experimental run (Supplementary Figure 3). There 

is also no statistical difference when comparing either the four subgroups regarding their last 

donor or when comparing only the ANAN and COCO groups (data not shown). 
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A)  B)

 

Figure 6. Effects of FMT1 on the mice GM in ExpA (A) and ExpB (B). The microbiota is 

compared by the Jaccard index. After FMT1 the mice receiving AN microbiota (red) were 

significantly different from CO receiving mice (blue) in both experimental runs (ExpA: 

*p < 0.02, ExpB: **p < 0.01).  

 

We also sequenced the GM from the six human donors and the relative abundances can be seen 

in Figure 7 and Supplementary Figure 5. With six different donors attributed to two categories 
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(AN or CO) there is no meaningful statistical comparison to their differences, but noteworthy 

GM families are Ruminococcaceae and Lachnospiraceae, as well as the genera 

Faecalibacterium, Bifidobacterium and Ruminococcus.  

 

Figure 7. Composition of the GM of the six human donors. ANX, ANZ and ANY are the three 

AN donors and COD, COE and COF are the control donors. The bacterial compositions are 

presented in a relative correlation to each other. In the AN donors the abundances of 

Faecalibacterium (light blue), Rumicnococcaceae (blue) and Lachnospiraceae (green) are 

higher compared to CO donors. In two of the CO donors the abundance of Bifidobacterium 

(yellow and bright blue) is higher.  

 

When analyzing the GM of all the mice after five weeks of FMT1, the ExpA and ExpB were 

factorial different (*p = 0.007) (Supplementary Figure 1), and the two experiments were 

analyzed separately. Looking into the bacterial difference in the GM, there is a significant 

difference in Clostridium abundance (Figure 8).  
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After FMT1, in ExpA the GM of the AN mice were significantly different from that of CO 

mice (Jaccard, ***p < 0.001) (Figure 6A). In ExpA, AN mice had a higher abundance in 

Bilophila (Figure 9). In ExpB (After FMT1), the GM of the AN mice were also significantly 

different from that of CO mice (*p = 0.004) (Figure 6B). However, there were no statistical 

significances when analyzed at lower taxonomic levels. 

When analyzing the GM of all the mice after four weeks of FMT2, there were not any 

significant differences when analyzed either based on last donor type (data not shown) or the 

combined donor after FMT2 (Supplementary Figure 3). There were, however, significant 

differences between the two consecutive experiments ExpA and ExpB in the abundance level 

of Adlercreutzia, S24-7, Lachnospiraceae, Ruminococcaceae, Ruminococcus, Rikenellaceae 

and Streptophyta (Figure 10).  

 

Figure 8. After FMT1 the abundance of Clostridium is significantly different between the two 

experimental runs ExpA and ExpB.  

 

Figure 9. After FMT1 the microbiota of AN and CO receiving mice were compared. There is 

a significant difference in the abundance of Bilophila, which is higher in AN mice. 

g__Bilophila 
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Figure 10. Statistically significant bacteria when comparing ExpA and ExpB after FMT2. The 

genera Adlercreutzia, Ruminococcus, and the families Lachnospiraceae, Ruminococcaeae, 

Rikenellaceae and the order Streptophyta have a higher abundance in ExpA. While S24-7 has 

a higher abundance in ExpB.  

 

AN Mice show less active behavior during Open Field Tests 

To evaluate any effect of FMTs on general locomotor activity level, the mice were subjected to open 

field (OF) tests. Baseline measurements were performed after the initial two weeks of AB treatment but 

before the first FMT. Baseline data did not show any differences in general locomotor activity between 

groups (data not shown).  
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After five weeks of FMT1, the open field data shows a factorially difference between our two 

consecutive experiments, ExpA and ExpB (***p < 0.001) and hence we analyzed them as separately 

(Figure 11). In ExpA, there was no differences in neither the general locomotor activity level (total 

distance moved) nor the total frequency of crossing the field´s subdivisions (Figure 11A). In ExpB, 

both the total distance (*p = 0.024) and frequency (*p = 0.024) were significantly lower in AN mice 

compared to CO mice (Figure 11B). After cross-over and FMT2, there were no differences in general 

locomotor activity and frequency in either ExpA or ExpB, when analyzing by last donor type or 

combined donor (data not shown). 

Over time and regardless of FMT donors, we did observe a significant decrease in general locomotor 

activity (***p < 0.001) and total frequency (*p = 0.012) for both ExpA and ExpB (between baseline 

and FMT1). We also observed at significant decrease general locomotor activity (***p < 0.001) and 

total frequency (***p < 0.001) in the time between FMT1 and FMT2 (Supplementary Figure 4).  

 

 

Figure 11. General locomotor activity. Effect on total distance moved (cm) in the open field 

and total frequency of crossing between the three open field subdivisions (outer, middle and 
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center subdivision) from FMT1 compared between AN versus CO donor. In ExpA there were 

no differences observed. A1) Total distance moved in ExpA, A2) Total frequency in ExpA 

(AN, n =12) (CO, n = 12). In ExpB, we observed a significant decrease in the AN mice 

compared to CO mice in both total distance moves and crossing frequency. B1) Total distance 

moved in ExpB, B2) Total frequency in ExpB (AN, n = 12) (CO, n = 12) (*p < 0.010). 

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.05.561007doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.05.561007
http://creativecommons.org/licenses/by-nc-nd/4.0/


Discussion 

We have investigated if phenotypes related to Anorexia Nervosa (AN) such as lower body weight and 

appetite as well as altered behavior could be transferred by fecal microbiome transplants (FMT) from 

AN patients to antibiotic (AB) gut microbiota (GM) depleted mice. Using a split-group cross-over 

design, we hypothesized that we might ameliorate body weight gain, food intake, hormone levels and 

behavior introduced by FMT of the AN gut microbiota (AN-GM), by a second later FMT round with 

GM from a healthy control donor. This was done as a way of early exploring FMT as a possible 

therapeutic approach to rectifying AN-GM dysbiosis in humans.  

We successfully depleted the indigenous mouse gut microbiotas with AB and humanized the model by 

grafting the human donor GM to the SPF mice as before (23). While others have used fresh donor 

material (19) and germ-free mice (GF) (19, 20), our approach has a few advantages. Since we used 

frozen donor samples with added glycerol for GM stability (24), we had easier access to enough 

comparable FMT material to perform repeated experiments. Furthermore, the added glycerol has the 

advantage of removing the need for repeated gastric gavages of the mice as they voluntarily ingest the 

inoculum, when it is presented. The advantage in using AB depleted SPF mice instead of GF mice 

depends on the questions we are trying to answer, and on the human situation we are trying to mimic 

(22). Fan et al. (2023) used FMTs on GF mice that received a calorie restricted diet for three weeks 

after two gavages of FMT two days apart, but did not report on food intake (11). They investigated 

weight gain, GM differences by amplicon sequencing and performed hypothalamic gene expression 

analysis. Hata et al. (2019) inoculated pregnant GF mice and investigated the AN characteristics in the 

offspring. In their experimental setup Hata et al. (2019) investigated the influence of AN-GM as a cross-

generational effect, and studied mice that have developed their GM, physiology, metabolism and 

immunology influenced by the human GM before birth and during their early life development (19). In 

the study of Glenny et al. (2021), AN-GM was transferred to adolescent GF mice that had developed 

their physiology, metabolism and immunology in their early life without being contested by human 

GM. FMTs in this GF model mimics an induced change in GM, but on a naïve immunological and 

physiological background and the transplant in itself initiates a series of novel immune interactions 
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(25). In our AN-GM study, we used AB depleted SPF mice, as we wanted to investigate a shift in GM 

on an adolescent, immune competent background. This approach mimics a possible human situation, 

where the GM has been changed and shifted away, from a hypothesized previously healthy state to a 

dysbiotic state due to changed behaviors of the patient.  

After our FMT1, there was a significant decrease in accumulated food intake in AN inoculated cages 

compared to CO cages (Age six to eleven weeks old) ranging from 1.9% to 6.9 % less food. This 

corresponds well to the results reported in Hata et al. (2019) who also used BALB/c female mice, 

showing approximately an average of 4% less food intake during the ages four to ten weeks old. This 

is in contrast to Glenny et al. (2021) who reports that they observe no changes to average daily food 

intake between experimental groups based on the C57BL/6 mice but including both sexes of ages nine 

to thirteen weeks old. The discrepancies in food intake results between our and the Hata et al. (2019) 

study, compared to the Glenny et al. (2021) results, could be due to different mouse strain, any sex 

differences from the male mice that would mask changes in the females and finally the age range during 

observations. We, therefore, speculate that AN-GM effect on food intake might be interesting to 

compare directly between the sexes alone. The reduced food intake in our study does not lead to lower 

body weights, which corresponds to Glenny et al. (2021). Whereas Fan et al. (2023), under calorie restrictions, 

and Hata et al. (2019), under ad libitum food conditions, did show a decreased weight gain in offspring 

of AN inoculated mice calculated as change in body weight from baseline (11, 19, 20). The explanations 

for the fact that a reduced food intake does not directly lead to weight loss can be several. One 

explanation could be that the mice, in our study, had a lower energy expenditure, e.g. by simply moving 

less (26), and the differences only becomes clear if using calorie restriction as in Fan et al. (2023) (11). 

Another explanation could be a changed energy extraction efficiency facilitated through the GM or 

transit time through the GI as the energy that is extracted from the food has been shown to depend on 

GM composition and transit time (27, 28). One could also speculate how calorie restriction is best 

implemented in an AN mouse model as low-calorie ad libitum food or food restriction by periodically 

removing food entirely from the cage mimicking uneven AN eating patterns. In Fan et al. (2023) they 
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calculated food intake of a 3 day baseline before FMTs and reduced the total amount of food available 

to 30% less than that (11). 

After our second round of AB treatment, split cross-over and FMT2, there is a trend of decreased food 

intake in the pure ANAN cages compared to pure COCO, that have only received GM from one single 

donor through both FMT1 and FMT2. In the cross-over groups, (ANCO or COAN) with different 

donors in FMT1 and FMT2, intermediate food intake levels were shown, mostly influenced by the last 

donor type. Considering food intake alone, we can influence CO mice (FMT1) to eat less by inoculating 

with an AN-GM in FMT2. That also seems to be the case in the opposite situation, in which we influence 

AN mice (FMT1) to eat more by inoculating them with a CO-GM in FMT2. This suggests some rescue 

and amelioration of the AN characteristic, food intake, by FMT from a healthy donor. 

In order to investigate if this correlation between FMT donors and food intake could be explained by 

changed appetite and satiety signals in the blood, we measured six relevant biomarkers in the serum of 

the mice at termination after FMT2. Although, it would have been very informative to know the level 

of these biomarkers already after FMT1, the amount of serum needed for the assays prevented us from 

measuring any before termination. This should be considered in future experimental setups. Hata et al. 

(2019) suggests that endocrine biomarkers such as PYY (peptide tyrosine tyrosine), ghrelin and leptin 

are to be considered the signature of chronic food restriction (29). Our results do show significantly 

higher serum concentrations of PYY and leptin in ANAN mice compared to COCO after FMT2. PYY 

functions as an appetite suppressing gut hormone and circulating PYY increases satiety, inhibits 

gastrointestinal motility, pancreatic hormone secretion, and decreases food intake (30). Likewise leptin 

is a mediator of long-term regulation of energy balance, suppressing food intake (31). Insulin and 

glucagon were on average elevated in AN mice but did not reach statistical significance. Glucagon 

reduces body weight and adiposity by suppressing the appetite hormone that increases during fasting. 

Glucagon also acts in the liver to reduce meal size, the signal being relayed to the brain via the Vagus 

nerve (32). It also stimulates the synthesis and secretion of ghrelin. Again, in the cross-over groups 

(ANCO or COAN) with different donors in FMT1 and FMT2, we show intermediate biomarker levels 

that are mostly influenced by the last donor type. We did not reach statistically significance on ghrelin 
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or GLP-1, however the mean levels of ghrelin, that increases appetite (29), are higher in both CO groups 

(ANCO and COCO) compared to both AN groups (ANAN and COAN). The elevated serum PYY levels 

in our AN mice corresponds to reports of  PYY and leptin contributing to lower food intake and a higher 

feeling of satiety in AN patients (33). PYY acts on the brain by inhibiting the orexigenic neuropeptide 

Y (NPY) (34). Inhibiting NPY increases the activation of neurons expressing the anorexigenic 

neuropeptide pro-opiomelanocortin (35). This suggests that the activity of the AN-GM transferred to 

our mice affects the gut-microbiota-brain axis by inducing an increased PYY signal.  

In our study we find that leptin levels of AN mice are increased compared to CO mice, which suggests 

that AN mice felt increased satiety. However, it has been reported that in fasting AN patients the serum 

leptin concentrations are significantly lower than normal (36-38). The reason for this discrepancy is 

unclear, however, leptin is mainly secreted from subcutaneous fat (39) which is considerably reduced 

in adult AN patients (40), resulting in reduced leptin levels in AN patients. Even though the body weight 

of our mice were the same for AN mice and CO mice, the amount adipose tissue might be different. In 

Fan et al. (2023), FMT from human AN donors resulted in increased abundance of Ucp1, Elovl3 and 

Pgc1α mRNA in inguinal fat of AN-transplanted mice, indicating enhanced adipose tissue 

thermogenesis in this group of mice. The time frame of which we observe the mice and the influence 

of the change in GM to AN-GM must also be considered a short amount of time compared to the human 

AN situation. The serum insulin and glucagon levels were also increased in the AN mice, however we 

did not fast the mice before blood sampling and is important for future studies as insulin is rapidly 

increases in response to glucose levels (41). There were no significant differences in serum GLP-1 or 

ghrelin, but ghrelin appears slightly decreased for AN mice compared to CO mice as would be expected 

as leptin is known to inhibit secretion of ghrelin (36). The GLP-1 gut hormone is co-secreted with PYY 

from intestinal L-cells following a food intake to mediate post-prandial satiety and has been shown in 

human studies to have a synergistic effect on food intake (42-44).  

To comprehensively examine the impact of the FMTs on the microbiome of the humanized mice, we 

sequenced fecal samples collected at different times. We analyzed the microbiota using the Jaccard 
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index, which considers the presence and absence of ASVs, and subsequently, we assessed statistical 

differences in bacterial genera at lowest possible taxonomical level.  

A first observation was the successful GM shift of the naïve mouse GM through the antibiotic treatment. 

Following FMT1 for five weeks, the humanized mouse GM underwent a shift towards that of the human 

donors, while remaining distinct from the original mouse GM. Following the second round of AB 

treatment and four weeks of FMT2, the humanized GM underwent another shift.  

After FMT1, the two experimental runs, ExpA and ExpB, were significantly different and were 

therefore analyzed separately. In both experimental runs, we observed significant differences between 

AN and CO mice based on the Jaccard Index. However, after FMT2, we did not observe any statistically 

significant differences in GM when comparing the combined donor types (ANAN, COCO, ANCO, 

COAN). Additionally, no significant differences were found when comparing groups based on their last 

donor types (ANAN and COAN vs. COCO and ANCO) or when comparing groups that received only 

one donor type during both FMTs (ANAN vs. COCO). This is possibly due to the lower group sizes 

after cross-over. Also, FMT2 is one week shorter than FMT1 and given an expected GM establishment 

period the FMT2 might have to be extended in the future. 

We also investigated the bacterial composition of the human donor GM and the humanized mice GM 

and focused on genera that showed statistical significance. Among the six human donors, we noted 

differences in the abundance of Ruminococcaceae, Lachnospiraceae and Faecalibacterium, which were 

higher in AN donors compared to CO donors. Conversely, CO donors had a higher abundance of 

Bifidobacterium. Lachnospiraceae have been associated with weight gain following AB treatment and 

increased blood glucose levels, possibly indicating a link to energy utilization and rapid weight gain 

(45-47). Higher Lachnospiraceae abundance at hospital admission has also been shown to be an 

indicator to predict shorter inpatient treatment duration in a human anorexic study (15). In Fan et al. 

(2023), characterization of GM of 77 AN patients did show lower abundance of Lachnospiraceae. 

Similarly, previous research has found that Faecalibacterium abundance, at hospital admission, is lower 

in AN patients, and its level increases significantly with weight gain and improvement of AN (15). Fan 

et al. (2023) also reported Faecalibacterium to have lower abundance in AN patients compared to 
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healthy controls. Ruminococcaceae has also been described to be altered in human AN patients and 

influenced by weight gain (15).  

The humanized mice GM after FMT1 in ExpA and ExpB showed significant differences, with 

Clostridium being notably different in abundance between the two experimental runs. Clostridium 

species have been implicated in the regulation of eating behavior and neuropsychiatric symptoms (48), 

which could explain the variability observed in ExpA and ExpB. 

Moreover, when comparing the GM of AN and CO mice, we found higher levels of Bilophila in AN 

mice of ExpA after FMT1. In a weight-loss surgery study, Bilophila has been associated with weight 

loss and a reduction in body fat (49).  

Following FMT2, there were no statistically significant bacterial differences when analyzing between 

combined donor types. However, our investigation revealed significant differences between ExpA and 

ExpB in the abundance levels of Adlercreutzia, S24-7, Lachnospiraceae, Ruminococcaceae, 

Ruminococcus, Rikenellaceae and Streptophyta. Considering that Lachnospiraceae, Ruminococcaceae 

and Ruminococcus have been previously shown to be altered in human AN patients and influenced by 

body weight (15, 50), these varying concentrations of bacteria could contribute to the differences 

between the two experimental runs.  

To evaluate any effect of FMTs on general locomotor activity (GMA) level, the mice were subjected to 

open field (OF) tests. We did observe a small statistically significant decrease in AN-mouse activity 

and frequency of crossing the subdivisions of the OF after FMT1 in ExpB (ten to eleven weeks old). 

However, this was not observed in ExpA. Hata et al. (2019) showed no significant differences in GMA 

(20 min), but their AN-GM mice also spent significantly more time in the peripheral subsquares than 

their control mice of the same age (***p = 0.0009) (19). In our study, any behavioral changes due to 

FMT leading to decreased activity level and energy expenditure might explain the maintained body 

weight in the AN mice despite their decrease in food intake. This is in contrast to anorexia in humans, 

which often is correlated to increased activity excess exercises (51). It would therefore be interesting to 

measure GMA continuously in the home cages or possibly combine FMT with exciting AN mouse 
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model of exercise (52) to observe any accelerated weight loss. After FMT2, there were no differences 

in GMA or frequency based on FMT donors. We did however, by serendipity, observe a clear effect of 

time and/or our repeated measurements in the OF, leading to decreased GMA and frequency in crossing 

the subdivisions, that might mask more subtle GM-induced behavioral changes. We cannot discern 

whether the decreases were due to FMT procedures, repeated exposures resulting in decrease of novelty, 

our antibiotic treatment, or age related as our mice get older. We observed a significant decrease in 

GMA (***p < 0.001) and total frequency (*p = 0.0124) for both ExpA and ExpB when comparing start 

(baseline) and end of the experiment, which shows that time and repeated measurements are important 

factors that must be considered when performing behavioral experiments. To overcome repeated 

exposures to the same environment, it would be interesting to use a non-interfering system to measure 

spontaneous physical activity such as the system developed by Poffé et al. (2018) (53). 

In conclusion, our study suggests that gut microbiota transplants derived from AN patients may 

contribute to the pathological characteristics of the AN, by altering food intake, through the gut-brain 

axis, in immune competent AB treated mice. The decreased food intake and appetite biomarkers can be 

ameliorated by a second FMT with gut microbiota from a healthy donor. These results may ultimately 

contribute to the development of supportive treatment with FMT in anorexia nervosa. 

 

Methods 

Subject Recruitment and Sample Collection 

For this study we enrolled three female patients diagnosed with restricting-type anorexia nervosa (AN), 

admitted to Mental Health Centre Ballerup, and additionally, three healthy female controls (CO) with 

no history of any eating disorders or digestive diseases such as IBD or IBS (Table 1). None of the donors 

had used antibiotics three months prior to study participation. The study protocol was approved by the 

local ethics board (id: H-15012537; addendum 77106) under the PROspective Longitudinal all-comer 

Eating Disorder study (PROLED) study. Written informed consent was obtained from all participants 

before enrolment in the study. 
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A fresh fecal sample was collected from the three (AN) donors (ANX, ANY, and ANZ) and from the 

three control (CO) donors (COD, COE, and COF). Body mass index (BMI) and age of the six 

participants are shown in Table 1. At the time of sample collection, the fresh stools were divided into 

four tubes and subsequently stored at -80 ℃ until further processed for animal experiments. 

Table 1. Characteristics of anorexia nervosa patients and healthy controls for feces collection. 

Donor Age BMI, kg/m2 

ANX 18 16.90 

ANY 21 15.42 

ANZ 22 16.89 

Mean ± 

SE 

20.33 ± 1.20 16.43 ± 0.49 

COD 25 19.70 

COE 30 23.60 

COF 27 19.83 

Mean ± 

SE 

27.33 ± 1.45 21.04 ± 1.28 

 

Animals and Housing 

48 specific-pathogen free (SPF) female BALB/cJTac mice (Taconic Biosciences, Ejby, Denmark), aged 

three to four weeks at arrival, were randomly distributed to cages and housed at the Association for 
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Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited barrier protected 

facility of the Faculty of Health and Medical Sciences, University of Copenhagen, Frederiksberg, 

Denmark. The sample size was founded on a power analysis, which revealed a sample size of ten per 

donor group with 90 % power and 5 % significance level based on comparable results from Hata et al. 

(2019) (19).  

The facility maintained a temperature of 22 ℃ (+/- 2 ℃), a humidity of 55% (+/- 10%), 12/12-hour 

light/dark cycle (lights on from 7 a.m., summertime), and 15-20 air changes per hour. Upon arrival, all 

mice were randomized blindly, earmarked and then housed four per open cage (Techniplast, 1290D 

Eurostandard type III, Scanbur A/S, Karlslunde, Denmark), with Tapvei® aspen bedding, nesting 

material Enviro-dri®, a cardboard Smart Home shelter, a fresh 1 x 1 x 5cm Tapvei® aspen chewing 

block, fresh cotton Nestlets, a cardboard Mini Fun Tunnel with changing of bedding, and a clear plastic 

tunnel (Brogaarden, Lynge, Denmark) with water and feed ad libitum. The bedding was only changed 

at the end of each AB treatment for maximum bacterial exposure. The mice received the maintenance 

diet Altromin 1324 feed (Brogaarden, Lynge, Denmark) consisting of 11% fat, 24% protein, and 65% 

carbohydrates. According to Federation of European Laboratory Animal Science Associations 

(FELASA) guidelines (54) routine health monitoring of the mice revealed no listed pathogens. 

Animal Ethics 

This study was conducted according to the Danish Act on Animal Experimentation (BEK nr 2028 af 

14/12/2020) and the EU directive “on the protection of animals used for scientific purposes” 

(2010/63/EU). The Animal Experimentation Inspectorate, Ministry of Food, Fisheries, and Agriculture, 

Denmark approved this study (license no. 2017-15-0201-01262). The study was planned according to 

PREPARE guidelines (55), and it will be reported according to ARRIVE guidelines (56, 57). 

Antibiotic Treatment 

All mice were treated with Ampicillin (Sigma-Aldrich, St. Louis, MO, USA) in the drinking water (1 

g/L) twice, first for two and later for three weeks, as previously described (58). The mice received the 

water with ampicillin ad libitum fresh every three days. The antibiotic and dose were chosen as it has 
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previously been shown to consistently reduce gut bacterial density and facilitate transfer of donor GM 

(59). 

Fecal Matter Transplant (FMT) 

Before FMT, the fecal samples from patients and controls were thawed on ice and subsequently 

suspended 1:5 in 50% glycerol. 300 μL of the suspension was divided into 2 mL Biosphere® SafeSeal 

tubes, one tube per FMT. The samples were stored at -80 ℃ until thawing in ice for administration. 

FMT was performed once a week on all mice, where 50 μL of suspension was applied at room 

temperature to the mouth of the mice with a sterile 1 mL disposable syringe.  

A “split-group cross-over” Study Design (FMT1 and FMT2) 

There were two consecutive FMT phases (FMT1 and FMT2) in this study performed on the same mice 

(n=48), with a partial cross-over midway to discern any changes, compared to non-cross-over treatment 

“clean” groups. All mice were weighed twice a week and food intake per cage was calculated weekly. 

We performed this as two identical series (A and B) in parallel staggered one week with 24 different 

mice in each experiment (ExpA, n = 24 and ExpB, n = 24). For an overview see Table 2.  

Table 2: A “split-group cross-over” study design (FMT1 and FMT2). After two weeks of antibiotic 

treatment cages were randomly distributed to either experiment A (ExpA) or repeat experiment B 

(ExpB). ExpA: The six cages received one of each of the six human donors (three AN or three CO) 

(four mice/cage, total 24). After five weeks of FMT1, all mice were again subjected to antibiotic 

treatment (three weeks). At the “split-group cross-over” all cages were subdivided into two new cages 

(all cages, two mice/cage) either receiving GM from the exact same donor as during FMT1 (ANAN 

and COCO) or from the cross-over donor (ANCO and COAN) at random. ExpB: Exactly, repeating 

ExpA, but a week delayed for practical reasons.  

 FMT1  FMT2 / Cross-over 

Experiment 
AB 

treatment  

Donor 

Type  
FMT #mice #cages 

AB 

treatment 

Donor 

Treatment 

Comb. 

Donor 
FMT #cages #mice  

ExpA 2 weeks AN 5x 12 3 3 weeks AN ANAN 4x 3 6 

       CO ANCO 4x 3 6 

ExpA 2 weeks CO 5x 12 3 3 weeks CO COCO 4x 3 6 

       AN COAN 4x 3 6 

ExpB 2 weeks AN 5x 12 3 3 weeks AN ANAN 4x 3 6 

       CO ANCO 4x 3 6 

ExpB 2 weeks CO 5x 12 3 3 weeks CO COCO 4x 3 6 

       AN COAN 4x 3 6 
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After two weeks of antibiotic treatment all mice were subjected to FMT1: For five consecutive weeks 

mice (four mice/ cage) were given a FMT from one of six human donors, from either three AN 

(Anorexic) and three CO (Controls). After a second antibiotic treatment (three weeks) the mice were 

subjected to the second phase. In the FMT2, we moved two mice randomly per cage to new cages, 

effectively doubling our number of cages, with now two mice/cage. During FMT2 mice received either 

exactly the same human donor as during FMT1 (ANAN or COCO cages) or they received a cross-over 

donor (COAN or ANCO).  

Sampling and Behavioral Recording 

We collected mouse fecal pellets from all mice; before and after the first AB treatment and after both 

FMT1 and FMT2 phases. Figure 12 summarizes all experimental procedures performed in both ExpA 

and ExpB, data collection and sampling in a timeline. Open field data collection was done before and 

after FMT1 and again after FMT2. At termination we collected serum and additional tissues. 
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Figure 12. Sampling and behavioral recording in a timeline. Start: FMT1: Before AB treatment 

we collected fecal samples from all mice (FS1). All mice were subjected to two weeks of AB 

treatment and FS2 was collected, and the first open field behavior recorded pre-FMT1. After 

five weeks of FMT1, with either AN- or CO-GM, FS3 was collected and repeated open field 

data was recorded. After three weeks of AB treatment and split-group cross-over, mice were 

subjected to FMT2 for four weeks. The final open field data was collected at the end of FMT2. 

At the End: The final FS5 was taken, and mouse blood and additional tissues were collected. 

Created with BioRender.com. Publication code: HM25XADTL4 

 

Open Field Behavioral Test  

To assess general locomotor activity level the mice were tested in an open field arena. The mice were 

habituated to the test room for maximum 30 minutes between 13.00 and 16.30, then in random order 

placed individually in the arena (48×48×28 cm). A camera placed above the arena recorded the mice 

activity for ten minutes. The software Ethovision XT version 13 (Noldus Information Technologies, 
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The Netherlands) was used to sub-divide the open field arena virtually into a center zone, eight middle 

zones, and 16 outer zones as previously described (60) and tracking the animals’ movements in the 

arena. The 25 total zones are merged into three subdivisions, an outer, middle and center subdivision, 

on which the analyses were done. Variables used for analysis were the total distance moved (cm), mean 

velocity (m/s) and time and number of entries in the three different subdivisions (frequency) of the 

arena. Before each trial, the arena was disinfected with 70% ethanol. 

Appetite related Biomarkers in Serum 

Serums were diluted 1:2 in metabolic assay working solution (MSD®, Rockville, MD, USA) and GLP-

1, glucagon, insulin, leptin, ghrelin, and PYY levels were analyzed using the U-PLEX® Mouse 

Metabolic Group 1 multiplex immunoassay (MSD®), following the manufacturer’s protocol. 

Gut microbiota Analysis 

The DNA was extracted from fecal pellets using the Bead-Beat Micro AX Gravity kit (A&A 

Biotechnology, Gdynia, Poland, Cat. # 106-100-M1), following the manufacturer’s protocol. The 

isolated DNA was stored at -80℃ until DNA library construction. 

Gut microbial composition was examined by sequencing near full-length 16S rRNA gene amplicon 

using GridION (Oxford Nanopore Technologies, Oxford, UK) as previously described (61).  

Briefly, the sequencing library was constructed using custom two step PCR for amplification of 16S 

rRNA gene and samples barcoding. PCR 1 reactions containing 12 μL of PCRBIO Ultra Mix (PCR 

Biosystems Ltd, London, UK), 6 μL of nuclease-free water, 2 μL of primer mix (5 μM), and 5 μL of 

genomic DNA (∼1 ng/μL) bringing the volume to a total of 25 μL were run on a SureCycler 8800 

Thermal Cycler (Agilent Technologies, Santa Clara, CA, USA). The PCR program consisted of initial 

denaturation at 95 °C for 5 min and two cycles of denaturation 95 °C for 20 seconds, touch-down at 48 

°C for 30 seconds, annealing at 65 °C for 10 seconds, and extension at 72 °C for 45 seconds, followed 

by final elongation at 72 °C for four minutes.  
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After PCR 1, the PCR products were cleaned using AMPure XP binding beads (Beckman Coulter 

Genomic, Indianapolis, IN, USA). The AMPure XP binding beads (Beckman Coulter Genomic, 

Indianapolis, IN, USA). 

Following cleaning, a second PCR step was performed to barcode PCR amplicons. PCR reactions 

containing 12 μL of PCRBIO Ultra Mix (PCR Biosystems Ltd, London, UK), 10 μL of clean PCR 1 

product, and 2 μL of barcoding primers (10 μM) bringing the volume to a total of 25 μL were run on a 

SureCycler 8800 Thermal Cycler (Agilent Technologies, Santa Clara, CA, USA). The PCR program 

was as follows: denaturation at 95°C for 2 minutes, 33 cycles of denaturation at 95°C for 20 seconds, 

annealing at 55°C for 20 seconds, and extension at 72°C for 40 seconds, followed by final extension at 

72°C for four min.  

After gel electrophoresis, 5 μL of each PCR 2 products were pooled together and subsequently cleaned 

with Binding Beads (AMPure XP, Indianapolis, IN, USA). The cleaned and pooled PCR products were 

eluted in 40 μL of nuclease-free water. The pooled and barcoded amplicons were completed for library 

preparation for GridION sequencing using the 1D genomic DNA by ligation protocol (SQK-LSK110) 

as previously described in Arildsen et al. (2021) (62). Approximate 0.2 μg of amplicons were used for 

the initial step of end-prep, and 40 ng of prepared amplicon library was loaded on a R9.4.1. flow cell. 

 

16S Gene Amplicon Sequencing and Data Processing 

The 16S rRNA gene amplicon sequencing and data processing were performed as described in Arildsen 

et al. (2021) (57). The data generated using GridION was collected using MinKNOW software v22.10.7 

(Oxford Nanopore Technologies, Oxford, UK). The Guppy v6.2.8 basecalling toolkit was used to base 

call raw FAST5 to FASTQ (Oxford Nanopore Technologies, Oxford, UK). The abundance table was 

generated from raw FASTQ files using the Long Amplicon Consensus Analysis pipeline (LACA, 

GitHub: https://github.com/yanhui09/laca). Taxonomy assignment of quality-corrected reads was 

performed against the SILVA database (63). 
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The subsequent analysis was conducted using the Qiime2 (v2020.8.0) bioinformatic platform (Bolyen 

et al., 2019). Alpha diversity (observed species index) and beta diversity (PCoA based on Bray-Curtis 

and Jaccard distance matrices) were calculated through rarefaction to 3,000 reads per sample. In total, 

19 samples collected fewer reads than 3,000 and were thus excluded from the analysis. Permutational 

multivariate analysis of variance (PERMANOVA) was used to test differences between the three groups 

based on Bray-Curtis and Jaccard distance matrices. Analysis of Composition of Microbiomes 

(ANCOM) was used to identify taxonomic groups that are differentially abundant across tested 

categories.  

 

Other Statistics 

Food Intake and serum biomarkers were analyzed with one or two-way ANOVA with experimental run 

(ExpA vs ExpB) and FMT donor type or combined donor type as factors. For body weights, AUCs 

were calculated and evaluated by 2-way ANOVA. When significant we applied Tukey's HSD. General 

locomotor activity and frequency evaluated by paired t-test (2-tailed). 
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