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Abstract: Children are prescribed second-generation antipsychotic (SGA) medications, such as
olanzapine (OLZ) for FDA-approved and “off-label” indications. The long-term impact of early-
life SGA medication exposure is unclear. Olanzapine and other SGA medications are known to
cause excessive weight gain in young and adult patients, suggesting the possibility of long-term
complications associated with the use of these drugs, such as obesity, diabetes, and heart disease.
Further, the weight gain effects of OLZ have previously been shown to depend on the presence of
gut bacteria and treatment with OLZ, which shifts gut bacteria toward an “obesogenic” profile. The
purpose of the current study was to evaluate changes in gut bacteria in adult mice following early
life treatment with OLZ and being fed either a high-fat diet or a high-fat diet supplemented with fish
oil, which has previously been shown to counteract gut dysbiosis, weight gain, and inflammation
produced by a high-fat diet. Female and male C57Bl/6J mice were fed a high fat diet without (HF)
or with the supplementation of fish oil (HF-FO) and treated with OLZ from postnatal day (PND)
37–65 resulting in four groups of mice: mice fed a HF diet and treated with OLZ (HF-OLZ), mice fed
a HF diet and treated with vehicle (HF), mice fed a HF-FO diet and treated with OLZ (HF-FO-OLZ),
and mice fed a HF-FO diet and treated with vehicle (HF-FO). Following euthanasia at approximately
164 days of age, we determined changes in gut bacteria populations and serum LPS binding protein,
an established marker of gut inflammation and dysbiosis. Our results showed that male HF-FO
and HF-FO-OLZ mice had lower body weights, at sacrifice, compared to the HF group, with a
comparable body weight across groups in female mice. HF-FO and HF-FO-OLZ male groups also
exhibited lower serum LPS binding protein levels compared to the HF group, with no differences
across groups in female mice. Gut microbiota profiles were also different among the four groups; the
Bacteroidetes-to-Firmicutes (B/F) ratio had the lowest value of 0.51 in the HF group compared to 0.6
in HF-OLZ, 0.9 in HF-FO, and 1.1 in HF-FO-OLZ, with no differences in female mice. In conclusion,
FO reduced dietary obesity and its associated inflammation and increased the B/F ratio in male mice
but did not benefit the female mice. Although the weight lowering effects of OLZ were unexpected,
FO effects persisted in the presence of olanzapine, demonstrating its potential protective effects in
male subjects using antipsychotic drugs.

Keywords: second-generation antipsychotic (SGA); obesity; fish oil

1. Introduction

Second-generation antipsychotics (SGAs) are an effective treatment option for adults
suffering with psychiatric disorders and children suffering with schizophrenia and bipolar
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I disorder [1–3]. SGA medications are often prescribed for “off-label” indications [3] and
are associated with rapid weight gain [4] and metabolic dysfunction, including obesity [5].
Olanzapine (OLZ) is one of the most commonly prescribed antipsychotics in children [3]
and treatment with this drug has been shown to cause increased weight gain and metabolic
syndrome [6,7]. However, long-term health implications associated with early-life exposure
to SGA in terms of metabolic dysfunction remain unclear.

Various bioactives are known to prevent or reduce obesity. One of the bioactives of
interest to us is fish oil (FO), which has beneficial effects in reducing obesity and related
metabolic diseases in non-primate animals [8–11]. Fish oil contains n-3 long chain polyun-
saturated fatty acids (n-3 PUFAs), which include α-linolenic acid, eicosapentaenoic acid
(EPA), and docosahexaenoic acid (DHA). Our lab has previously published the beneficial
effects of FO in reducing obesity, in part by reducing inflammation in white adipose tissue
and serum [9,12]. However, whether FO can counteract weight gain due to SGA treatment
has not been reported to our knowledge.

Numerous studies suggest that diet-induced obesity and insulin resistance are as-
sociated with alteration of the gut microbiota composition in mice and humans [13–19].
Specifically, at the phylum level, the ratio of Bacteroidetes-to-Firmicutes (B/F ratio) is de-
creased in individuals suffering from obesity compared to lean individuals [20–22]. Further,
at the class level, Gram-negative Bacteroidia is decreased while Gram-positive Clostridia is
increased in obese rodents compared to lean ones [23]. Moreover, Gram-negative Akker-
mansia at the genus level is negatively correlated with glucose intolerance [24,25]. Inter-
estingly, OLZ appears to alter the composition of gut bacteria by increasing the relative
abundance of “obesogenic” bacteria, in the absence of which OLZ does not produce
increases in weight [26]. Additionally, studies have demonstrated that the effects of an-
tipsychotics on gut microbiome are similar to individuals suffering from obesity (decreased
B/F ratio) [27–30].

In this study, we evaluated the effects of FO and OLZ, independently and in combi-
nation, on markers of inflammation and adiposity, and determined potential associations
between previously established anti-inflammatory and weight reducing effects of FO and
gut microbial composition [31]. Accordingly, we hypothesized that FO might counteract
antipsychotic-associated metabolic dysfunctions such as obesity, inflammation, and gut
dysbiosis.

We report here that FO reduced obesity-associated inflammation. This is the first
report of FO and OLZ’s differential effects on gut microbiome. Surprisingly, OLZ exhibited
beneficial metabolic effects such as FO and did not counteract protective effects of FO.
FO increased B/F ratio in male mice, and these effects persisted in the presence of OLZ,
warranting further studies in both animal and human subjects using antipsychotic drugs.

2. Materials and Methods
2.1. Animals and Diet Procedure

All experimental procedures and animal care were approved and performed in ac-
cordance with the Texas Tech University Laboratory Animal Care under permit number
15007. Mice were randomized into four groups of mice (n = 8 per group): HF (HF), HF
with olanzapine (HF-OLZ), HF with fish oil (HF-FO), and HF with olanzapine and fish oil
(HF-OLZ-FO). Male and female mice (n = 32 per sex at 4–5 weeks of age) were maintained
on a high fat (HF, 48% kcal fat) diet, with fish oil, FO (D15062101; Research Diets, Inc.,
New Brunswick, NJ, USA) or without FO supplementation (D1562102; Research Diets, Inc.)
(see Supplementary Table S1 for diet composition). In addition to the FO diets (Table S1),
Olanzapine (OLZ) was administered orally after mixing with cookie dough. Animals were
first given the cookie dough alone for habituation via daily exposure on Postnatal day
(PND) 34, 35, and 36. From PND 37-65 (OLZ treatment period), HF and HF-FO groups
received unrestricted access to their diets supplemented with daily plain cookie dough
(5.89 kcal/g dough). The OLZ-supplemented groups (HF-OLZ and HF-OLZ-FO) received
unrestricted access to their respective diets with daily cookie dough mixed with OLZ.
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To reduce risk of dough rejection, OLZ in dough was gradually reduced from 50 g/kg/day
(0.06 mg OLZ/g of dough or 3 mg/kg/day) from PND 37–38 to 6.25 g/kg/day (0.48 mg
OLZ/g of dough; 6 mg/kg/day) from PND 51–65. Mice were housed individually in micro
isolator cages maintained at a 12 h light and dark cycle at 22 ◦C. Mice were euthanatized
at approximately 164 days of age (range 158–170) using CO2. Blood and colon contents
were collected from male and female mice. The colonic contents were snap-frozen in liquid
nitrogen and then stored at −80 ◦C for further analysis. Microbial DNA was extracted from
colonic contents by using the QIAamp DNA Stool Mini kit (NO. 51504, Qiagen, Germany)
according to the manufacturer’s protocols. Serum and intestinal samples were collected at
the end of the feeding trial for LBP and mic16S sequencing, respectively.

2.2. LPS-Binding Protein Assay

LPS binding protein (LBP) was measured in serum using an ELISA kit (Hycult Inc.,
Wayne, PA, USA), following the manufacturer’s protocols, and as we have previously
described [32].

2.3. Microbiome Sequencing and Analyses

DNA was extracted from each sample, and the V4 region of the 16S rRNA gene was
amplified and sequenced on an Illumina HiSeq 2000 Genome Sequencer. Sequencing was
performed at the Argonne National Laboratory and at the Research and Testing Laboratory
(RTL), Lubbock, TX. The samples in FASTQ format were deposited to the metagenomics
analysis server (MG-RAST, http://www.mg-rast.org/, accessed on 6 December 2021) in
September 2018. The standard processing pipeline of MG-RAST with default settings was
used for filtering sequences based on length, number of ambiguous bases, and quality.
The annotation source considered was the Greengenes database using the MG-RAST
processing pipeline with default settings. The bacterial community richness and bacterial
community diversity indices were calculated using phyloseq R package, version 1.34.0 [33].
The observed and Shannon diversity indices were used to measure the diversity of the
microbial bacteria in each group, which reflects the number of different taxa in the sample.

2.4. Statistical Analyses

All data were expressed with mean ± SEM (standard error of the mean). The one-way
analysis of variance (ANOVA) test [34] and Student’s t-test [35] were used to determine
the statistical significance of differences among multiple group comparison and pairwise
group comparison, respectively. A p-value < 0.05 was considered the statistically significant
difference.

3. Results
3.1. Effect of Fish Oil and Olanzapine on Final Body Weight

Final body weight was calculated at sacrifice for the four groups in male and female
mice. No significant differences in final body weights were observed between the four
groups in male and female mice (Figure 1). In male mice, mice fed FO (HF-FO and HF-
FO-OLZ groups) had final body weights trending lower compared to the HF and HF-OLZ
groups (see Figure 1a).

http://www.mg-rast.org/
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Figure 1. Final body weight in male (a) and female (b) mice. Data are shown as mean ± SEM for each
group. ANOVA p-value for the multiple group comparisons are shown. The pairwise comparison is
to compare the HF group versus the other groups, individually (ns for p-value ≥ 0.05).

3.2. Fish Oil Significantly Reduced Lipopolysaccharide Binding Protein (LBP) Levels in Male Mice

Serum levels of LBP in the HF group was compared to HF-OLZ, HF-FO, and HF-FO-
OLZ, individually for both male and female mice. LBP levels were comparable between
the HF-OLZ and HF groups, while the HF-FO and HF-FO-OLZ groups had significantly
lower LBP levels compared to the HF group in male mice (Figure 2a). In female mice, there
was no statistically significant difference in LBP levels across groups (Figure 2b).
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Figure 2. Serum lipopolysaccharide binding protein (LBP) levels in male (a) and female (b) mice. Data
are shown as mean ± SEM for each group. ANOVA p-value for the multiple group comparisons are
shown. The pairwise comparison is to compare the HF group versus the other groups, individually
(* for p-value < 0.05, ns for p-value ≥ 0.05).
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3.3. Quality Control and Microbial Diversity

On average, 536,873 sequences were obtained from each sample. Less than 1% of se-
quences failed to pass the QC pipeline, 87% of sequences contained predicted features with
known functions, and 13% of sequences had predicted features with unknown functions.

In male mice, alpha diversity data suggested that the richness and diversity of gut
microbiota were not significantly different among the various feeding groups (p = 0.65 for
the observed OTU index and p = 0.55 for the Shannon index) (see Figure S1a). In female
mice, alpha diversity results indicated that the richness and diversity of gut microbiota
were also not significantly different (p = 0.69 for the observed OTU index and p = 0.29 for
the Shannon index) among the various groups (see Figure S1b).

3.4. Fish Oil Changes the Microbial Composition for Male Mice

In the males, the relative abundance of major microbial phyla varied between different
feeding groups. Firmicutes was the most predominant phylum, followed by Bacteroidetes
and Verrucomicrobia in HF, HF-FO, and HF-OLZ, while in HF-FO-OLZ, Bacteroidetes was
the most predominant phylum, followed by Firmicutes and Verrucomicrobia (see Figure 3a).
HF-FO and HF-FO-OLZ groups contained a higher proportion of Bacteroidetes and lower
Firmicutes relative to the other groups in male mice. Bacteroidetes-to-Firmicutes (B/F) ratio
was significantly increased in HF-FO (mean = 0.9) and HF-FO-OLZ (mean = 1.1) groups
compared to HF (mean = 0.52) group (see Figure 4a). At all taxonomic levels, the microbial
composition of mice fed FO (HF-FO and HF-FO-OLZ groups) were different from the
other groups (HF and HF-OLZ) (see Figures S2–S5a and Tables S2–S6). At the class level,
the Gram-negative Bacteroidia was substantially increased in the HF-FO and HF-FO-OLZ
groups, while the Gram-positive Clostridia was substantially decreased compared to the HF
group (see Figure S2a). At the genus level, Barnesiella was more enriched in HF-FO (36%)
and HF-FO-OLZ (36%) relative to the HF (25%) and HF-OLZ (23%) groups (see Figure S6a).
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Figure 3. Average microbiota composition of the five highest abundance (on average with feeding
group) OTUs at phylum level in the different feeding groups: (a) male, (b) female. Only major
taxonomic groups are shown. Others represent the rest of the OTUs at phylum level.
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3.5. Olanzapine Changes the Microbial Composition for Female Mice

In the female mice, the relative abundance of the major microbial phyla was also
varied between different feeding groups. Firmicutes was the most predominant phylum
in all the feeding groups. Verrucomicrobia was more enriched in the HF (26%) and HF-FO
(33%) groups relative to the HF-OLZ (16%) and HF-FO-OLZ (16%) groups (see Figure 2b).
The B/F ratio was not significantly different among the feeding groups (p = 0.18). A higher
B/F ratio was observed in the HF (mean = 0.67) and HF-FO (mean = 0.69) groups relative
to the HF-OLZ (mean = 0.56) and HF-FO-OLZ (mean = 0.48) groups (see Figure 4b). At all
taxonomic levels, microbial composition of mice treated by OLZ (HF-OLZ and HF-FO-OLZ
groups) were different from the other groups (HF and HF-FO) (see Figures S2–S5b and
Tables S7–S11). At the genus level, Akkermansia was more enriched in HF (28%) and HF-FO
(34%) relative to the other groups of HF-OLZ (17%) and HF-FO-OLZ (17%) (see Figure S6b).
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Figure 4. B/F ratio in male (a) and female (b) mice. Data are shown as mean ± SEM for each group.
ANOVA p value for the multiple group comparisons are shown. The pairwise comparison is to
compare the HF group versus the other groups, individually (* for p value < 0.05, ns for p >= 0.05).

4. Discussion

The current study investigated changes in gut microbiota in male and female C57BL/6J
mice treated in early life with SGA medication OLZ and fed an HF diet or an HF diet
supplemented with FO. In contrast to the increasing body weight in adult female and male
mice [36], in the current study the body weight of young female mice treated with OLZ
was comparable with the body weight of HF-treated female mice, and the body weight of
young male mice treated with OLZ was slightly less than the body weight of HF-treated
male mice. Although OLZ failed to increase body weight in female mice, it slightly reduced
body weight in male mice; the results provide an opportunity to compare changes in gut
microbiota in OLZ- and HF-treated mice to compare toa previous results indicating that
treatment with OLZ shifts gut bacteria toward an obesogenic profile [26].

Gut dysbiosis is an important feature of metabolic dysregulation including obesity.
Dietary intervention to modulate the microbial environment is of current interest. Hence,
in this study, we identified how FO along with OLZ could modulate microbes to pre-
vent/reduce obesity. We found varied classes of microbial species to be favorably altered
with FO in males, but most of the alterations were absent in female mice.

FO had a modulatory effect on the gut microbiome by increasing the B/F ratio com-
pared to the HF mice. These data are in line with studies in rodents where obese rats
had higher B/F ratio than lean mice [23]. Further, krill oil also contains PUFAS, which
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improved the B/F ratio similarly to our study [37]. Corroborating with that, a study of
middle aged and elderly women showed that PUFA improved the microbial diversity [38].
This suggests that FO reduced the adverse effects of the HF at the microbiota level. Recent
studies indicate that altered microbial composition could be used as an indicator of obesity,
and the improved microbial composition due to FO consumption could be used as a simpler
indicator to demonstrate its potential effects.

Obesity is associated with chronic systemic inflammation in the adipose tissue. This
chronic inflammation increases the levels of circulating pro-inflammatory mediators, which
could in part contribute to intestinal inflammation. Conversely, gut microbiota could be
a potential source of inflammation due to higher lipopolysaccharide (LPS). In line with
this, we identified that FO was able to reduce the levels of LBP protein, a marker of
intestinal inflammation. FO could reduce LBP through several possible pathways. One
probable pathway is through the traditional NFKB pathway. Another probability is by
the metabolites of FO such as resolvins, which are known to inhibit inflammation. This
needs to be further investigated but studies indicate the resolvins levels are increased with
intestinal inflammation.

Acetate producing bacteria, barnesiella [39], was improved with the FO diet in male
mice. This is important as acetate is one of the abundant short chain fatty acids (SCFA)
known to prevent obesity associated inflammation in rodent models [40]. Moreover, acetate
is known to improve fatty acid oxidation through increases in AMPK [41]. Furthermore,
apart from its systemic role, acetate also has beneficial effects in improving insulin sen-
sitivity in peripheral tissues [42]. In addition, the barnesiella was not altered in female
mice, indicating the sexual dimorphic role of FO in the microbial environment. However,
whether the improvements in barnesiella translate into increases in acetate levels remains to
be tested.

Interestingly, akkermansia Sp is one of the few Sp which is intensively linked to obesity
development. Lower levels of akkermansia are reported with obesity and insulin resis-
tance [24]. This is important as its colonization starts in childhood and is maintained as we
develop into adults. In our study, its levels were improved with FO in female mice but not
in male mice. This goes hand in hand with other studies, where mice administered with
A.mucinphila reversed the HF diet induced obesity [43–45]. Further, A.mucinophila is also
known to contribute to SCFA, which in turn regulates lipid metabolism.

Furthermore, to validate the beneficial role of FO, another species, clostridia, was
reduced in male mice compared to the HF fed mice that did not receive FO. This was in
line with rodent studies where clostridia were higher in obese mice compared to lean mice.
However, we saw the opposite results in female mice, where clostridia levels were higher
in female FO fed mice than HF fed mice. This is in line with human studies where the
clostridia are shown to promote weight gain in individuals exposed to clostridia. However,
in humans several patterns emerged with obesity, due to the differences in the levels of the
different species within the class [46]. It is possible that some class of clostridia is absent in
rodents compared to humans, which still needs to be tested.

5. Conclusions

In conclusion, our studies showed that supplementation of HF diets with FO (HF-FO)
and combined FO and olanzapine (HF-FO-OLZ) reduces dietary obesity and inflammation
and induced changes to gut microbiota composition. Specifically, FO supplementation and
early-life OLZ treatment increased the abundance of the genera Firmicutes, Bacteroidetes,
and Verrucomicrobia in the gut microbiota and decreased the proportion of Lactobacillus and
others, compared to HF. Additional studies are required to directly link FO and OLZ to
changes in gut bacteria and subsequent reduction in obesity associated inflammation, using
fecal matter transfer or treatment with the specific strains that were modified by FO and
OLZ. Given that FO and OLZ are clinically used, these treatments could be repurposed for
metabolic inflammatory diseases.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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abundance of class level; Figure S4. Pie chart of percent mean relative abundance of order level;
Figure S5. Pie chart of percent mean relative abundance of family level; Figure S6. Pie chart of percent
mean relative abundance of genus level; Table S1. Diet composition; Table S2. Phylum level relative
abundance for male mice; Table S3. Class level relative abundance for male mice; Table S4. Order
level relative abundance for male mice; Table S5. Family level relative abundance for male mice;
Table S6. Genus level relative abundance for male mice; Table S7. Phylum level relative abundance for
female mice; Table S8. Class level relative abundance for female mice; Table S9. Order level relative
abundance for female mice; Table S10. Family level relative abundance for female mice; Table S11.
Genus level relative abundance for female mice.

Author Contributions: Study was designed by P.S. and N.M.-M.; P.S. and L.R. conducted the animal
studies; M.M.A., Y.E.-M. and H.B. conducted the microbiome analyses; P.S., L.R., M.M.A., H.B.,
Y.E.-M. and N.M.-M. analyzed the results and M.M.A. generated the data figures and tables. M.M.A.
wrote the initial draft, which was reviewed by all co-authors. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded in part by a seed grant from the Obesity Research Institute
(P.S. and N.M.-M.) and startup funds from the Texas Tech University.

Institutional Review Board Statement: This research was approved and conducted according to
the Texas Tech University Institutional Animal Care and Use Committee (IACUC), protocol number
T15007.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data supporting reported results may be requested from the corre-
sponding author upon publication.

Acknowledgments: We thank members of the Nutrigenomics, Inflammation and Obesity Research
Lab for assisting with some of the experiments in this paper, namely Shasika Jayarathne and Shane
Scoggin. We also thank the many undergraduates from the Soto Laboratory for their assistance
conducting the study.

Conflicts of Interest: The authors declare no conflict of financial and non-financial interests. The fun-
ders had no involvement in the design of the study, in the collection, analyses, or interpretation of
data, in the writing of the manuscript, or in the decision to publish the results.

References
1. De Hert, M.; Correll, C.U.; Bobes, J.; Cetkovich-Bakmas, M.; Cohen, D.A.N.; Asai, I.; Detraux, J.; Gautam, S.; Möller, H.J.; Ndetei,

D.M.; et al. Physical illness in patients with severe mental disorders. I. Prevalence, impact of medications and disparities in health
care. World Psychiatry 2011, 10, 52. [CrossRef]

2. Johnsen, E.; Jørgensen, H.A. Effectiveness of second generation antipsychotics: A systematic review of randomized trials. BMC
Psychiatry 2008, 8, 1–14. [CrossRef]

3. Olfson, M.; Blanco, C.; Liu, S.M.; Wang, S.; Correll, C.U. National trends in the office-based treatment of children, adolescents,
and adults with antipsychotics. Arch. Gen. Psychiatry 2012, 69, 1247–1256. [CrossRef]

4. Dayabandara, M.; Hanwella, R.; Ratnatunga, S.; Seneviratne, S.; Suraweera, C.; de Silva, V.A. Antipsychotic-associated weight
gain: Management strategies and impact on treatment adherence. Neuropsychiatr. Dis. Treat. 2017, 13, 2231–2241. [CrossRef]
[PubMed]

5. Ramos-Miguel, A.; Beasley, C.L.; Dwork, A.J.; Mann, J.J.; Rosoklija, G.; Barr, A.M.; Honer, W.G. Increased SNARE protein-protein
interactions in orbitofrontal and anterior cingulate cortices in schizophrenia. Biol. Psychiatry 2015, 78, 361–373. [CrossRef]

6. Newcomer, J.W.; Haupt, D.W. The metabolic effects of antipsychotic medications. Can. J. Psychiatry 2006, 51, 480–491. [CrossRef]
7. Correll, C.U.; Carlson, H.E. Endocrine and metabolic adverse effects of psychotropic medications in children and adolescents.

J. Am. Acad. Child Adolesc. Psychiatry 2006, 45, 771–791. [CrossRef] [PubMed]
8. Du, S.; Jin, J.; Fang, W.; Su, Q. Does fish oil have an anti-obesity effect in overweight/obese adults? A meta-analysis of randomized

controlled trials. PLoS ONE 2015, 10, e0142652.
9. Kalupahana, N.S.; Claycombe, K.; Newman, S.J.; Stewart, T.; Siriwardhana, N.; Matthan, N.; Lichtenstein, A.H.; Moustaid-Moussa,

N. Eicosapentaenoic acid prevents and reverses insulin resistance in high-fat diet-induced obese mice via modulation of adipose
tissue inflammation. J. Nutr. 2010, 140, 1915–1922. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/nu14020349/s1
https://www.mdpi.com/article/10.3390/nu14020349/s1
http://doi.org/10.1002/j.2051-5545.2011.tb00014.x
http://doi.org/10.1186/1471-244X-8-31
http://doi.org/10.1001/archgenpsychiatry.2012.647
http://doi.org/10.2147/NDT.S113099
http://www.ncbi.nlm.nih.gov/pubmed/28883731
http://doi.org/10.1016/j.biopsych.2014.12.012
http://doi.org/10.1177/070674370605100803
http://doi.org/10.1097/01.chi.0000220851.94392.30
http://www.ncbi.nlm.nih.gov/pubmed/16832314
http://doi.org/10.3945/jn.110.125732
http://www.ncbi.nlm.nih.gov/pubmed/20861209


Nutrients 2022, 14, 349 9 of 10

10. LeMieux, M.J.; Kalupahana, N.S.; Scoggin, S.; Moustaid-Moussa, N. Eicosapentaenoic acid reduces adipocyte hypertrophy and
inflammation in diet-induced obese mice in an adiposity-independent manner. J. Nutr. 2015, 145, 411–417. [CrossRef]

11. Thorsdottir, I.; Tomasson, H.; Gunnarsdottir, I.; Gisladottir, E.; Kiely, M.; Parra, M.D.; Bandarra, N.M.; Schaafsma, G.; Martinez,
J.A. Randomized trial of weight-loss-diets for young adults varying in fish and fish oil content. Int. J. Obes. 2007, 31, 1560–1566.
[CrossRef] [PubMed]

12. Pahlavani, M.; Wijayatunga, N.N.; Kalupahana, N.S.; Ramalingam, L.; Gunaratne, P.H.; Coarfa, C.; Rajapakshe, K.; Kottapalli, P.;
Moustaid-Moussa, N. Transcriptomic and microRNA analyses of gene networks regulated by eicosapentaenoic acid in brown
adipose tissue of diet-induced obese mice. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2018, 1863, 1523–1531. [CrossRef]
[PubMed]

13. Fei, N.; Zhao, L. An opportunistic pathogen isolated from the gut of an obese human causes obesity in germfree mice. ISME J.
2013, 7, 880–884. [CrossRef]

14. Norris, G.H.; Jiang, C.; Ryan, J.; Porter, C.M.; Blesso, C.N. Milk sphingomyelin improves lipid metabolism and alters gut
microbiota in high fat diet-fed mice. J. Nutr. Biochem. 2016, 30, 93–101. [CrossRef] [PubMed]

15. Bäckhed, F.; Ding, H.; Wang, T.; Hooper, L.V.; Koh, G.Y.; Nagy, A.; Semenkovich, C.F.; Gordon, J.I. The gut microbiota as an
environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. USA 2004, 101, 15718–15723. [CrossRef]

16. Bäckhed, F.; Manchester, J.K.; Semenkovich, C.F.; Gordon, J.I. Mechanisms underlying the resistance to diet-induced obesity in
germ-free mice. Proc. Natl. Acad. Sci. USA 2007, 104, 979–984. [CrossRef]

17. Rabot, S.; Membrez, M.; Bruneau, A.; Gérard, P.; Harach, T.; Moser, M.; Raymond, F.; Mansourian, R.; Chou, C.J. Germ-free
C57BL/6J mice are resistant to high-fat-diet-induced insulin resistance and have altered cholesterol metabolism. FASEB J. 2010,
24, 4948–4959.

18. Tremaroli, V.; Bäckhed, F. Functional interactions between the gut microbiota and host metabolism. Nature 2012, 489, 242–249.
[CrossRef]

19. Hermes, G.D.; Reijnders, D.; Kootte, R.S.; Goossens, G.H.; Smidt, H.; Nieuwdorp, M.; Blaak, E.E.; Zoetendal, E.G. Individual and
cohort-specific gut microbiota patterns associated with tissue-specific insulin sensitivity in overweight and obese males. Sci. Rep.
2020, 10, 1–10. [CrossRef]

20. Ley, R.E.; Bäckhed, F.; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.I. Obesity alters gut microbial ecology. Proc. Natl.
Acad. Sci. USA 2005, 102, 11070–11075. [CrossRef]

21. Mathur, R.; Barlow, G.M. Obesity and the microbiome. Expert Rev. Gastroenterol. Hepatol. 2015, 9, 1087–1099. [CrossRef]
22. Cui, C.; Li, Y.; Gao, H.; Zhang, H.; Han, J.; Zhang, D.; Li, Y.; Zhou, J.; Lu, C.; Su, X. Modulation of the gut microbiota by the

mixture of fish oil and krill oil in high-fat diet-induced obesity mice. PLoS ONE 2017, 12, e0186216. [CrossRef]
23. Jiao, N.; Baker, S.S.; Nugent, C.A.; Tsompana, M.; Cai, L.; Wang, Y.; Buck, M.J.; Genco, R.J.; Baker, R.D.; Zhu, R.; et al. Gut

microbiome may contribute to insulin resistance and systemic inflammation in obese rodents: A meta-analysis. Physiol. Genom.
2018, 50, 244–254. [CrossRef] [PubMed]

24. Karvonen, A.M.; Sordillo, J.E.; Gold, D.R.; Bacharier, L.B.; O’Connor, G.T.; Zeiger, R.S.; Beigelman, A.; Weiss, S.T.; Litonjua, A.A.
Gut microbiota and overweight in 3-year old children. Int. J. Obes. 2019, 43, 713–723. [CrossRef]

25. Shin, N.R.; Lee, J.C.; Lee, H.Y.; Kim, M.S.; Whon, T.W.; Lee, M.S.; Bae, J.W. An increase in the Akkermansia s population induced
by metformin treatment improves glucose homeostasis in diet-induced obese mice. Gut 2014, 63, 727–735. [CrossRef] [PubMed]

26. Morgan, A.P.; Crowley, J.J.; Nonneman, R.J.; Quackenbush, C.R.; Miller, C.N.; Ryan, A.K.; Bogue, M.A.; Paredes, S.H.; Yourstone,
S.; Carroll, I.M.; et al. The antipsychotic olanzapine interacts with the gut microbiome to cause weight gain in mouse. PLoS ONE
2014, 9, e115225. [CrossRef]

27. Davey, K.J.; Cotter, P.D.; O’sullivan, O.; Crispie, F.; Dinan, T.G.; Cryan, J.F.; O’mahony, S.M. Antipsychotics and the gut microbiome:
Olanzapine-induced metabolic dysfunction is attenuated by antibiotic administration in the rat. Transl. Psychiatry 2013, 3, e309.
[CrossRef]

28. Davey, K.J.; O’Mahony, S.M.; Schellekens, H.; O’Sullivan, O.; Bienenstock, J.; Cotter, P.D.; Dinan, T.G.; Cryan, J.F. Gender-
dependent consequences of chronic olanzapine in the rat: Effects on body weight, inflammatory, metabolic and microbiota
parameters. Psychopharmacology 2012, 221, 155–169. [CrossRef] [PubMed]

29. Kraeuter, A.K.; Phillips, R.; Sarnyai, Z. The gut microbiome in psychosis from mice to men: A systematic review of preclinical
and clinical studies. Front. Psychiatry 2020, 11, 799. [CrossRef]

30. Jiang, H.; Ling, Z.; Zhang, Y.; Mao, H.; Ma, Z.; Yin, Y.; Wang, W.; Tang, W.; Tan, Z.; Shi, J.; et al. Altered fecal microbiota
composition in patients with major depressive disorder. Brain Behav. Immun. 2015, 48, 186–194. [CrossRef] [PubMed]

31. David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.;
Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559–563. [CrossRef]
[PubMed]

32. Islam, T.; Koboziev, I.; Albracht-Schulte, K.; Mistretta, B.; Scoggin, S.; Yosofvand, M.; Moussa, H.; Zabet-Moghaddam, M.;
Ramalingam, L.; Gunaratne, P.H.; et al. Curcumin Reduces Adipose Tissue Inflammation and Alters Gut Microbiota in Diet-
Induced Obese Male Mice. Mol. Nutr. Food Res. 2021, 12, 2100274. [CrossRef]

33. McMurdie, P.J.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data.
PLoS ONE 2013, 8, e61217. [CrossRef] [PubMed]

34. Howell, D.C. Statistical Methods for Psychology; Cengage Learning: Boston, MA, USA, 2012.

http://doi.org/10.3945/jn.114.202952
http://doi.org/10.1038/sj.ijo.0803643
http://www.ncbi.nlm.nih.gov/pubmed/17502874
http://doi.org/10.1016/j.bbalip.2018.09.004
http://www.ncbi.nlm.nih.gov/pubmed/30261280
http://doi.org/10.1038/ismej.2012.153
http://doi.org/10.1016/j.jnutbio.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/27012625
http://doi.org/10.1073/pnas.0407076101
http://doi.org/10.1073/pnas.0605374104
http://doi.org/10.1038/nature11552
http://doi.org/10.1038/s41598-020-64574-4
http://doi.org/10.1073/pnas.0504978102
http://doi.org/10.1586/17474124.2015.1051029
http://doi.org/10.1371/journal.pone.0186216
http://doi.org/10.1152/physiolgenomics.00114.2017
http://www.ncbi.nlm.nih.gov/pubmed/29373083
http://doi.org/10.1038/s41366-018-0290-z
http://doi.org/10.1136/gutjnl-2012-303839
http://www.ncbi.nlm.nih.gov/pubmed/23804561
http://doi.org/10.1371/journal.pone.0115225
http://doi.org/10.1038/tp.2013.83
http://doi.org/10.1007/s00213-011-2555-2
http://www.ncbi.nlm.nih.gov/pubmed/22234378
http://doi.org/10.3389/fpsyt.2020.00799
http://doi.org/10.1016/j.bbi.2015.03.016
http://www.ncbi.nlm.nih.gov/pubmed/25882912
http://doi.org/10.1038/nature12820
http://www.ncbi.nlm.nih.gov/pubmed/24336217
http://doi.org/10.1002/mnfr.202100274
http://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581


Nutrients 2022, 14, 349 10 of 10

35. Kim, T.K. T test as a parametric statistic. Korean J. Anesthesiol. 2015, 68, 540. [CrossRef]
36. Lord, C.C.; Wyler, S.C.; Wan, R.; Castorena, C.M.; Ahmed, N.; Mathew, D.; Lee, S.; Liu, C.; Elmquist, J.K. The atypical antipsychotic

olanzapine causes weight gain by targeting serotonin receptor 2C. J. Clin. Investig. 2017, 127, 3402–3406. [CrossRef]
37. Liu, F.; Smith, A.D.; Solano-Aguilar, G.; Wang, T.T.; Pham, Q.; Beshah, E.; Tang, Q.; Urban, J.F.; Xue, C.; Li, R.W. Mechanistic

insights into the attenuation of intestinal inflammation and modulation of the gut microbiome by krill oil using in vitro and
in vivo models. Microbiome 2020, 8, 1–21. [CrossRef]

38. Menni, C.; Zierer, J.; Pallister, T.; Jackson, M.A.; Long, T.; Mohney, R.P.; Steves, C.J.; Spector, T.D.; Valdes, A.M. Omega-3 fatty
acids correlate with gut microbiome diversity and production of N-carbamylglutamate in middle aged and elderly women.
Sci. Rep. 2017, 7, 1–11. [CrossRef]

39. Sakamoto, M.; Lan, P.T.N.; Benno, Y. Barnesiella viscericola gen. nov., s nov., a novel member of the family Porphyromonadaceae
isolated from chicken caecum. Int. J. Syst. Evol. Microbiol. 2007, 57, 342–346. [CrossRef]

40. Motoshima, H.; Hanatani, S.; Takaki, Y.; Kawasaki, S.; Igata, M.; Senokuchi, T.; Ishii, N.; Kawashima, J.; Kukidome, D.; Kondo, T.;
et al. Potent anti-obesity effect of acetate; acetate may alter the expression of genes involved in beige adipogenesis in obese KK-Ay
mice. Diabetes Res. Clin. Pract. 2016, 1, S83. [CrossRef]

41. Carvalho, B.M.; Guadagnini, D.; Tsukumo, D.M.L.; Schenka, A.A.; Latuf-Filho, P.; Vassallo, J.; Dias, J.C.; Kubota, L.T.; Carvalheira,
J.B.C.; Saad, M.J.A. Modulation of gut microbiota by antibiotics improves insulin signalling in high-fat fed mice. Diabetologia 2012,
55, 2823–2834. [CrossRef]

42. Bindels, L.B.; Leclercq, I. Colonic acetate in obesity: Location matters! Clin. Sci. 2016, 130, 2083–2086. [CrossRef] [PubMed]
43. Remely, M.; Hippe, B.; Zanner, J.; Aumueller, E.; Brath, H.; G Haslberger, A. Gut microbiota of obese, type 2 diabetic individuals

is enriched in Faecalibacterium prausnitzii, Akkermansia muciniphila and Peptostreptococcus anaerobius after weight loss.
Endocr. Metab. Immune Disord. 2016, 16, 99–106. [CrossRef] [PubMed]

44. Cani, P.D.; de Vos, W.M. Next-generation beneficial microbes: The case of Akkermansia muciniphila. Front. Microbiol. 2017, 8,
1765. [CrossRef]

45. Collado, M.C.; Derrien, M.; Isolauri, E.; de Vos, W.M.; Salminen, S. Intestinal integrity and Akkermansia muciniphila, a mucin-
degrading member of the intestinal microbiota present in infants, adults, and the elderly. Appl. Environ. Microbiol. 2007, 73,
7767–7770. [CrossRef] [PubMed]

46. Peters, B.A.; Shapiro, J.A.; Church, T.R.; Miller, G.; Trinh-Shevrin, C.; Yuen, E.; Friedlander, C.; Hayes, R.B.; Ahn, J. A taxonomic
signature of obesity in a large study of American adults. Sci. Rep. 2018, 8, 1–13. [CrossRef]

http://doi.org/10.4097/kjae.2015.68.6.540
http://doi.org/10.1172/JCI93362
http://doi.org/10.1186/s40168-020-00843-8
http://doi.org/10.1038/s41598-017-10382-2
http://doi.org/10.1099/ijs.0.64709-0
http://doi.org/10.1016/S0168-8227(16)31113-5
http://doi.org/10.1007/s00125-012-2648-4
http://doi.org/10.1042/CS20160556
http://www.ncbi.nlm.nih.gov/pubmed/27729473
http://doi.org/10.2174/1871530316666160831093813
http://www.ncbi.nlm.nih.gov/pubmed/27577947
http://doi.org/10.3389/fmicb.2017.01765
http://doi.org/10.1128/AEM.01477-07
http://www.ncbi.nlm.nih.gov/pubmed/17933936
http://doi.org/10.1038/s41598-018-28126-1

	Introduction 
	Materials and Methods 
	Animals and Diet Procedure 
	LPS-Binding Protein Assay 
	Microbiome Sequencing and Analyses 
	Statistical Analyses 

	Results 
	Effect of Fish Oil and Olanzapine on Final Body Weight 
	Fish Oil Significantly Reduced Lipopolysaccharide Binding Protein (LBP) Levels in Male Mice 
	Quality Control and Microbial Diversity 
	Fish Oil Changes the Microbial Composition for Male Mice 
	Olanzapine Changes the Microbial Composition for Female Mice 

	Discussion 
	Conclusions 
	References

