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Osmotin attenuates LPS-induced 
neuroinflammation and memory 
impairments via the TLR4/NFκB 
signaling pathway
Haroon Badshah, Tahir Ali & Myeong Ok Kim

Toll-like receptor 4 (TLR4) signaling in the brain mediates autoimmune responses and induces 
neuroinflammation that results in neurodegenerative diseases, such as Alzheimer’s disease (AD). 
The plant hormone osmotin inhibited lipopolysaccharide (LPS)-induced TLR4 downstream signaling, 
including activation of TLR4, CD14, IKKα/β, and NFκB, and the release of inflammatory mediators, 
such as COX-2, TNF-α, iNOS, and IL-1β. Immunoprecipitation demonstrated colocalization of 
TLR4 and AdipoR1 receptors in BV2 microglial cells, which suggests that osmotin binds to AdipoR1 
and inhibits downstream TLR4 signaling. Furthermore, osmotin treatment reversed LPS-induced 
behavioral and memory disturbances and attenuated LPS-induced increases in the expression of AD 
markers, such as Aβ, APP, BACE-1, and p-Tau. Osmotin improved synaptic functionality via enhancing 
the activity of pre- and post-synaptic markers, like PSD-95, SNAP-25, and syntaxin-1. Osmotin 
also prevented LPS-induced apoptotic neurodegeneration via inhibition of PARP-1 and caspase-3. 
Overall, our studies demonstrated that osmotin prevented neuroinflammation-associated memory 
impairment and neurodegeneration and suggest AdipoR1 as a therapeutic target for the treatment of 
neuroinflammation and neurological disorders, such as AD.

Neuroinflammation is associated with several neurodegenerative disorders, such as Alzheimer’s disease (AD), 
Parkinson’s disease, and Huntington’s disease. Lipopolysaccharide (LPS) is an endotoxin from the outer mem-
brane of Gram-negative bacteria that activates the immune system. Systemic administration of LPS evokes 
inflammatory processes in the body, which cause detrimental effects on the brain and other vital organs. In vitro 
and in vivo studies demonstrated that LPS induced inflammation via the up-regulation of different proinflam-
matory mediators, such as nitric oxide species (NOS), prostaglandin E2 (PGE2), and cyclooxygenase (COX)-2, 
and proinflammatory cytokines, including interleukin-1 (IL-1), IL-6, and tumor necrosis factor-α  (TNF-α )1–3.

Toll-like receptors (TLRs) play important roles in the sensing of body pathogens and macrophages and the 
initiation of immune responses. LPS is primarily recognized by the CD14/TLR-4 receptor complex, which is 
expressed on microglia and astrocytes in the CNS1,4,5. The downstream signal transduction of this receptor com-
plex activates the TLR4/nuclear factor (NF)-κ B pathway, which leads to the generation of inflammatory media-
tors and the production of neuroinflammation and neurodegeneration6,7. Neuroinflammation induced by a single 
intraperitoneal (i.p.) injection of LPS persists for 10 months in mouse brain and produces neurodegenerative 
effects8. The neuroinflammatory cytokines and chemokines that are released as result of LPS administration 
induce amyloidogenesis via an increase in β -secretase (BACE) activity9. Other studies demonstrated a significant 
increase in the concentration of neuroinflammatory markers, such as proinflammatory cytokines, chemokines, 
and prostaglandins, in AD brain10,11. Earlier studies described an excessive production of IL-1, IL-6, TNF-α , 
macrophage-derived inflammatory factor (MIP)-α, and superoxide free radicals in AD glial cells12,13. Sambamurti 
et al.14 demonstrated that NFκ B regulates amyloid beta (Aβ ) formation, and the promoter region of BACE-1 
contains an NFκ B binding site14. Several studies confirmed that LPS administration impaired spatial learning 
performance, increased Aβ  production, and disrupted synaptic function15,16. Akiyama et al.12 demonstrated that 
transgenic animals overexpressing IL-6 and TNF-α  exhibited cognitive impairment12.
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Several studies demonstrated that different anti-inflammatory agents attenuated the neuroinflammatory 
effects of LPS16,17. However, fewer reports elucidated the exact mechanism of the inhibition of LPS-induced neu-
rotoxicity. Garate et al.6 recently demonstrated that an inhibitor of TLR4, TAK242, antagonized the neuroin-
flammatory effects of LPS6. Adiponectin administration to cardiomyocytes interferes with TLR4 signaling and 
protects against LPS-induced cardiac inflammation18. Osmotin is a protein extracted from the tobacco plant 
that is a structural and functional homolog of the mammalian hormone adiponectin19,20. Therefore, we hypoth-
esized that osmotin would interact with the TLR4/CD14 receptor complex and inhibit the downstream inflam-
matory processes. This study demonstrated that systemic LPS administration induced neuroinflammation and 
an AD-like pathology in the hippocampus of adult mice. We previously demonstrated the neuroprotective effect 
of osmotin against ethanol- and amyloid-beta-induced neurotoxicity21,22. The present study evaluated the neuro-
protective effect of osmotin against LPS-induced neuroinflammation and the possible mechanism of osmotin in 
the attenuation of the neurotoxic effects of LPS.

Results
Osmotin prevents LPS-induced neuroinflammatory processes via inhibition of the TLR4-NFκB 
pathway. The structure-activity relationship of LPS clearly elucidated the binding of LPS with TLR4 recep-
tors, and the crystal structure of the TLR4-MD-2-LPS complex demonstrated the involvement of TLR4 recep-
tor signaling in the progression of LPS-induced inflammatory activities23. CD14 receptors also amplify LPS 
responses, and TLR4/CD14 complexes serve as LPS signaling receptors24. Western blot analysis were performed 
to evaluate the effect of osmotin on LPS-induced activation of TLR4 and CD14 receptors. Our results demon-
strated that LPS injection significantly increased TLR4 and CD14 expression compared to the control group in 
the hippocampus of adult mice and that osmotin treatment significantly reduced the LPS-induced elevated TLR4 
and CD14 expression (Fig. 1A).

Several studies demonstrated that LPS-TLR4 signaling mediated the phosphorylation and nuclear transloca-
tion of the transcription factor NFκ B25. IKKβ  phosphorylation is primarily involved in the NFκ B activity that is 
triggered by various proinflammatory stimuli26. Western blot and immunofluorescence analyses were performed to 
explore the anti-inflammatory effect of osmotin on LPS-induced NFκ B activation. Western blot analysis revealed 
that systemic LPS administration significantly increased IKKα /β  phosphorylation and the nuclear translocation 
of NFκ B-p65 compared to the vehicle-treated group. Osmotin and LPS administration significantly decreased 
hippocampal levels of p-IKKα /β  and NFκ B compared to the LPS-treated group (Fig. 1A). We also demon-
strated that osmotin inhibited LPS-induced activation of TLR4 and NFκ B in the cortex of adult mice (Fig. S1).  
NFκ B localization after LPS and osmotin treatment was also observed using confocal microscopy. An apparent 
increase in the CA1, CA3 and DG regions of the hippocampus was observed in LPS-treated mice compared to 
the control group. Osmotin treatment significantly attenuated LPS-induced NFκ B nuclear translocation in the 
hippocampus compared to the LPS-treated group (Fig. 1B).

Anti-inflammatory mechanism of osmotin against LPS-induced neuroinflammation in BV2 
microglial cells. Microglial cells are the primary LPS-responsive cells in the CNS. BV2 microglial cells were 
used for apoptotic, Western blot, immunoprecipitation, and immunofluorescence assays to elucidate the func-
tional neuroprotective and anti-inflammatory roles of osmotin against LPS-induced neuroinflammation. An 
Apo-Tox Glo triplex assay kit was used to investigate microglial cell viability, toxicity, and caspase 3/7 activity 
in control, LPS-treated, osmotin-treated, and LPS and TAK242-treated groups. TAK242 is a well-known inhib-
itor of the TLR4 receptor, and it inhibits the downstream neuroinflammation following TLR4 activation13. Our 
results demonstrated that osmotin possessed potent neuroprotective activity following LPS treatment via the 
maintenance of cell viability, reduction of cytotoxicity, and inhibition of caspase 3/7 activation, similarly to LPS 
and TAK242 treatment. We also demonstrated that 0.4 μM osmotin was the optimum dose for adequate neuro-
protective activity of the three doses used (i.e., 0.2 μM, 0.4 μM, and 0.8 μM) (Fig. 2A).

Western blot analysis and immunoprecipitation were performed in microglial cells to investigate the 
anti-inflammatory mechanisms of osmotin. Osmotin significantly attenuated LPS-induced increases in TLR4, 
p-NFκ B, and TNF-α  in microglial cells (Fig. 2B), which supported the anti-inflammatory activity of osmo-
tin. Our immunoprecipitation results demonstrated an interaction of AdipoR1 with TLR4 and its co-receptor 
CD14 in control, LPS-treated, and LPS plus osmotin-treated microglial cells. Our results demonstrated that LPS 
treatment enhanced the protein levels of AdipoR1 and the TLR/CD14 complex. We demonstrated that osmotin 
binding to AdipoR1 inhibited the downstream signaling of TLR4 by dissociating the ligand-receptor complex 
from the major TLR4/CD14 receptor complex (Fig. 2C). The inhibition of TLR4 downstream signaling was fur-
ther evaluated using small interfering RNAs (siRNAs) of AdipoR1 treatment to microglial cells, and our results 
demonstrated that AdipoR1siRNA treatment significantly inhibited the expression of LPS-induced inflammatory 
markers, such as TLR4 and p-NFκ B (Fig. 2D). We also demonstrated an enhanced expression of AdipoR1 in BV2 
microglial cells following osmotin and LPS treatment (Fig. S2).

We performed double-labeled immunofluorescence to assess localization and distributional changes of TLR4 
and AdipoR1 in microglial cells. Our results revealed the colocalization of TLR4 and AdipoR1 receptors as a clear 
overlap of fluorescent signals of these receptors in different treatment groups. Immunofluorescence results also 
demonstrated an increased expression of TLR4 and decreased expression of AdipoR1 in LPS-treated groups com-
pared to the control group. Notably, osmotin reversed the LPS-induced expression trends of TLR4 and AdipoR1 
and decreased TLR4 expression and increased AdipoR1 expression compared to the LPS-treated group in micro-
glial cells (Fig. 2E). Overall, these results support the involvement of AdipoR1 in the downstream signal process-
ing of the TLR4/CD14 receptor complex.
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Osmotin inhibits LPS-induced COX-2, iNOS, TNF-α, and IL-1β expression. NFκ B activation is 
the primary event in the progression of the proinflammatory signaling pathway. LPS administration induced 
iNOS activation and the release of proinflammatory mediators, such as TNF-α  and IL-1β , via the NFκ B–MAPK 
pathway27. Font-Nieves et al.3 demonstrated that COX-2 activation followed an NFκ B-dependent pathway in 
LPS-treated samples3. Hippocampal protein expression levels of COX-2, iNOS, TNF-α , and IL-1β  were evalu-
ated to examine the effects of LPS and osmotin on the release of inflammatory mediators. Our results demon-
strated that LPS treatment for the indicated period induced a higher level of protein expression compared to the 
vehicle-treated group, and osmotin administration decreased the protein levels of these inflammatory markers in 
the hippocampus of LPS-injected mice (Fig. 3A). Immunofluorescence detection of TNF-α  revealed that osmotin 
effectively attenuated LPS-induced increases of TNF-α  levels in the DG, CA1, and CA3 regions of the hippocam-
pus (Fig. 3B).

Effects of osmotin on LPS-induced activation of astrocytes and microglia in the hippocam-
pus of adult mice. The activation of microglia and astrocytes are the major elements for the progression 
of neuroinflammation, and activated glial cells are pools for the released inflammatory cytokines28,29. LPS treat-
ment activates microglia and astrocytes in vitro or in vivo2,30. Therefore, we investigated the inhibitory effect of 
osmotin on LPS-induced astrocytes and microglial activation. Confocal microscopy revealed that systemic LPS 
administration significantly increased the number of activated astrocytes (GFAP-reactive cells) and microglia 

Figure 1. Osmotin prevents LPS-induced neuroinflammatory processes via inhibition of the TLR4-
NFκ B pathway (A) Shown are representative Western blots probed with TLR4, CD14, p-IKKα /β , and 
p-NFκ B antibodies from the hippocampus of adult mice. The density values are expressed in arbitrary 
units as the mean ±  SEM of the indicated proteins (n =  5 animals per group). (B) Shown are representative 
photomicrographs of immunofluorescence analyses of p-NFκ B-positive cells in the experimental groups. 
Images are representative stains obtained in sections prepared from at least 5 animals per group. All of the 
panels representing the CA1, CA3, and DG regions of the hippocampus show p-NFκ B-stained brain tissue 
at a magnification of 10×  objective field (scale bar =  100 μm) and magnification of 40×  objective field (scale 
bar =  20 μm). Symbol representation for the treatment groups and level of significance are described in the data 
analysis section of the Materials and Methods.



www.nature.com/scientificreports/

4Scientific RepoRts | 6:24493 | DOI: 10.1038/srep24493

Figure 2. Anti-inflammatory mechanism of osmotin against LPS-induced neuroinflammation in BV2 
microglial cells (A) Shown are representative histograms for (a) Cell Viability, (b) Cytotoxicity, and (c) 
Caspase-3/7 assays performed under experimental conditions as mentioned in the Materials and Methods 
section. (B) Shown are representative Western blots probed with TLR4, p-NFκ B, and TNF-α  antibodies 
in microglial cells. (C) Shown are immunoprecipitation results followed by representative immunoblots as 
mentioned in the Materials and Methods section. AdipoR1 colocalizes with the TLR4/CD14 signaling complex 
in microglial cells. (D) Shown are representative Western blots probed with TLR4 and p-NFκ B antibodies in 
microglial cells. AdipoR1 siRNA transfection significantly inhibited LPS-induced inflammation. The density 
values are expressed in arbitrary units as the mean ±  SEM for the indicated proteins (n =  5 per group).  
(E) The immunofluorescence images indicate localization of TLR4 (red panels), AdipoR1 (green panels) and 
merged TLR4 and AdipoR1 (merge panels). The images are representative of staining obtained in sections 
prepared from at least 5 animals per group (low magnification =  10x , scale bar: low zoom =  50 μm and high 
zoom =  20 μm). Symbols for treatment groups and levels of significance are mentioned in the data analysis 
section of the Materials and Methods.
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(Iba-1-reactive cells) in the cortex and hippocampus of adult mice. Osmotin treatment attenuated the expression 
of GFAP- and Iba-1-reactive cells compared to the LPS-treated group (Fig. 4).

Osmotin inhibits LPS-induced protein expression of Aβ, APP, BACE-1, and p-Tau. We examined 
the effect of LPS and osmotin on the protein expression levels of AD markers, such as Aβ , APP, p-Tau, and BACE-1,  
in the hippocampus of adult mice. Several studies confirmed that LPS treatment for 1 week in adult rats and 
mice induced AD-like effects, disrupted synaptic function and impaired memory performance4,16. Western blots 
demonstrated that systemic LPS administration significantly increased Aβ  and APP levels compared to the con-
trol group, and osmotin treatment significantly reversed LPS-induced increases in Aβ  and APP levels (Fig. 5A). 
Our morphological results also demonstrated the anti-AD effect of osmotin. Decreased Aβ  levels were observed 
in the LPS plus osmotin-treated group compared to the LPS-treated group (Fig. 5B). Tau hyperphosphoryla-
tion and BACE-1 activation are also critical factors in AD progression. Therefore, we investigated the expression 
levels of Tau and BACE-1 in LPS- and osmotin-treated mice. Western blot analysis revealed that systemic LPS 
administration increased the protein expression of p-Tau and BACE-1 enzyme compared to the control group, 
and osmotin treatment attenuated LPS-induced Tau hyperphosphorylation and BACE-1 enzyme levels (Fig. 5A). 
These results were also demonstrated in cortical tissue, which also exhibited a significant reduction in Aβ  and 
p-Tau protein expression following osmotin treatment (Fig. S3).

Effect of osmotin on LPS-induced synaptic dysfunction and memory impairment. Recent stud-
ies demonstrated that disruption of synaptic function is a primary feature of AD and causes cognitive dysfunction 
and memory impairment with or without the induction of neurodegeneration31. Therefore, we investigated the 
effect of LPS and osmotin on postsynaptic (PSD-95) and presynaptic proteins, such as synaptophysin (SYP), 
synaptosomal associated protein (SNAP-25), and syntaxin-1. Western blot analyses revealed that systemic LPS 
administration decreased protein levels of PSD-95, SYP, SNAP-25, and syntaxin-1 in the hippocampus of adult 
mice compared to the control group. Osmotin treatment reversed the LPS-induced effect on synaptic markers and 
increased the expression of PSD-95, SYP, SNAP-25, and syntaxin-1 compared to the LPS-treated group (Fig. 6A). 

Figure 3. Osmotin inhibits LPS-induced COX-2, iNOS, TNF-α and IL-1β expression (A) Shown are 
representative western blots probed with antibodies of COX-2, iNOS, TNF-α and IL-1β in the hippocampus 
of adult mice. The protein bands were quantified using sigma gel software. The density values are expressed 
in arbitrary units as the mean ± SEM for the indicated proteins (n = 5 animals per group). (B) Showed are 
representative photomicrographs of immunofluorescence analysis of Tnfα positive cells in the experimental 
groups. Images are representative of staining obtained in sections prepared from at least 5 animals per 
group. Panels representing DG, CA1 and CA3 region of hippocampus showed TNF-α stained brain tissue at 
magnification 10× objective field, scale bar= 100 µm. Symbols for treatment groups and level of significance are 
mentioned in data analysis section of material methods.
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Immunofluorescence analyses also demonstrated the protective effect of osmotin on LPS-induced synaptic dys-
function. Confocal microscopy revealed a decrease in the fluorescence signals of SNAP-25 and PSD-95 in the hip-
pocampus of the LPS-treated group compared to the control group, and LPS plus osmotin-treated mice exhibited 
an increased expression of SNAP-25 and PSD-95 compared to the LPS-treated group (Fig. 6B).

Mice were treated with vehicle, LPS, and osmotin, as described in the drug treatment schedule, to evaluate 
the memory-improving effect of osmotin (Fig. S4). All animal groups were trained to find the hidden platform 
in a water pool for 4 days, and the Morris water maze test was performed for 6 consecutive days. Our results 
demonstrated that LPS-treated mice required more time to find the hidden platform and performed fewer plat-
form crossings compared to the control group. The osmotin-treated group required less time to find the hidden 
platform and performed increased platform crossings compared to the LPS-treated group. The vehicle-treated 
group exhibited shorter average escape latencies of 46 sec (day first) to 14 sec (day six), and the LPS-treated group 
exhibited average escape latencies of 49 sec (day first) to 37 sec (day six). These results demonstrate memory 
impairment in the LPS-treated group. Osmotin treatment significantly ameliorated the LPS-induced cognitive 
dysfunction, and these mice exhibited shorter average escape latencies of 50 sec (day first) to 23 sec (day six) 
(Fig. 6C).

Figure 4. Effect of osmotin on LPS-induced activation of astrocytes and microglia in the hippocampus 
of adult mice. Shown are representative photomicrographs of immunofluorescence analyses of (A) astrocytes 
(GFAP-positive cells) and (B) microglia (Iba-1-positive cells) in the experimental groups. Images are 
representative of staining obtained in sections prepared from at least 5 animals per group. Panels representing 
the hippocampal fissure and DG region of the hippocampus show GFAP and Iba-1 stained brain tissue, 
respectively, at a magnification of 10x  objective field, scale bar =  100 μm. Symbols for the treatment groups and 
levels of significance are mentioned in the data analysis section of the Materials and Methods.
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A probe trial was performed 24 hrs after the water maze test in all experimental groups. The hidden platform 
was removed during this trial, and the average time spent in the target quadrant was measured. LPS-injected mice 
swam across the entire pool and spent less time in the target quadrant than the control group. Osmotin plus LPS 
treatment retained the LPS-induced memory impairment because these mice exhibited a significant increase in 
the average time spent in the target quadrant (Fig. 6C).

Osmotin attenuates LPS-induced apoptotic neurodegeneration in the hippocampus of adult 
mice. Autocrine secretion of TNF-α  and the increased production of NO are the predominant factors of 
LPS-induced apoptosis32. We investigated caspase-3 and PARP-1 protein expression to evaluate the effect of 
osmotin on LPS-induced apoptotic neurodegeneration. Caspase-3 is the primary executioner of apoptosis33, and 
PARP-1 overexpression induces DNA damage that is involved in the apoptotic pathway34. Our results demon-
strated that osmotin administration significantly reduced LPS-induced elevated levels of caspase-3 and PARP-1, 
which supports its potential neuroprotective capability (Fig. 7A).

The neuroprotective effect of osmotin was investigated morphologically using FJB and Nissl staining in the 
cortex and hippocampus of adult mice. FJB is a well-known marker for degenerating neurons, and it was used to 
observe the level of apoptotic neurodegeneration in LPS- and osmotin-treated animals. Our results revealed that 
LPS treatment significantly elevated the number of degenerated neuronal cells, and osmotin treatment signifi-
cantly reduced LPS-induced neurodegeneration, which was indicated by the decreased number of FJB-positive 
cells compared to the LPS-treated group (Fig. 7B). Nissl staining also revealed increased neuronal viability in the 
osmotin-treated animals compared to LPS-treated animals. Histology of the cortex and hippocampus revealed 
that LPS treatment increased the level of damaged, fragmented or dead neurons compared to the control group. 
Osmotin plus LPS administration significantly reduced the number of degenerated neurons in the cortex and 
hippocampus of adult mice (Fig. 7C).

Figure 5. Osmotin inhibits LPS-induced protein expression of Aβ, APP, BACE-1, and p-Tau. (A) Shown 
are representative Western blots probed with Aβ , APP, BACE-1, and p-Tau antibodies in the hippocampus of 
adult mice. The density values are expressed in arbitrary units as the mean ±  SEM for the indicated proteins 
(n =  5 animals per group). (B) Shown are representative photomicrographs of immunofluorescence analyses 
of Aβ -positive cells in the experimental groups. Images are representative of staining obtained in sections 
prepared from at least 5 animals per group. All of the panels representing the CA1, CA3, and DG regions of the 
hippocampus show Aβ -stained brain tissue at a magnification of 10x  objective field, scale bar =  50 μm. Symbols 
for treatment groups and levels of significance are mentioned in the data analysis section of the Materials and 
Methods.
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Discussion
The pathogenesis of LPS-induced neuroinflammation and its associated diseases suggest that our therapeutic 
drug should effectively inhibit the inflammatory processes involving neuronal and microglial cells. Activated 
microglia acquire macrophage-like functions during neuroinflammation that include phagocytosis and cytokine 
production35. We previously reported that osmotin may ameliorate ethanol- and Aβ -induced neurodegeneration 
and synaptic dysfunction in rodent brain21,22. The present study evaluated the neuroprotective potential of osmo-
tin against neuroinflammation and its associated amyloidogenesis and apoptotic neurodegeneration in an LPS 

Figure 6. Effect of osmotin on LPS-induced synaptic dysfunction and memory impairment.  
(A) Shown are representative Western blots probed with PSD-95, SNAP-25, SYP, and syntaxin-1 antibodies 
in the hippocampus of adult mice. The density values are expressed in arbitrary units as the mean ±  SEM 
for the indicated proteins (n =  5 animals per group). (B) Shown are representative photomicrographs of 
immunofluorescence analysis of PSD-95- and SNAP-25-positive cells in the experimental groups. Images are 
representative of staining obtained in sections prepared from at least 5 animals per group. All of the panels 
representing the hippocampus show PSD-95- and SNAP-25-stained brain tissue at a magnification of 10x  
objective field, scale bar =  50 μm. Symbols for treatment groups and level of significance are mentioned in the 
data analysis section of the Materials and Methods. (C) Behavioral studies show osmotin improves memory 
impairment in LPS-treated mice (n =  5 per group). (a) Average escape latency time for experimental mice to 
reach the hidden platform from day 3 to day 8. (b) The number of crossings at the hidden platform during the 
probe test of the Morris water maze experiment. (c) Time spent in the platform quadrant, where the hidden 
platform was placed during the trial session. Symbols for treatment groups and levels of significance are 
mentioned in the data analysis section of the Materials and Methods.
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mouse model. We hypothesized that osmotin would inhibit TLR4 downstream signaling via interaction with the 
TLR4-CD14 receptor complex and prevent neuroinflammation-induced neurodegeneration (Fig. S5).

Activation of TLR4 and CD14 receptors is the primary event in the induction of inflammatory processes. 
Pathogens, especially bacterial endotoxins, specifically recognize the TLR4 substrate, and it binds to TLR4 and 
CD14 receptors and triggers immune responses23,25. Activation of TLR4 signaling pathways induces NFκ B acti-
vation and triggers the release of inflammatory mediators, including COX-2, TNF-α , IL-1, IL-6 and iNOS2,36. 
LPS binds to TLR4 and CD14 receptors at the primary level and induces NFκ B signaling pathway and sub-
sequent cellular events37,38. TLR4 activation induces proinflammatory cytokines via the signaling of different 
adaptor proteins, such as TIRAP and MyD88, and activates NFκ B and activator protein (AP)-1, which triggers 

Figure 7. Osmotin attenuated LPS-induced apoptotic neurodegeneration in the hippocampus of adult mice 
(A) Shown are representative Western blots probed with caspase-3 and PARP-1 antibodies in the hippocampus 
of adult mice. The density values are expressed in arbitrary units as the mean ±  SEM for the indicated proteins 
(n =  5 animals per group). Shown are representative photomicrographs of (B) FJB staining (magnification 40×  
objective field, scale bar =  100 μm) and (C) Nissl staining (magnification 20×  objective field, scale bar =  200 μm) 
for dead and damaged neurons. Images are representative of staining obtained in sections prepared from at least 
5 animals per group. Symbols for treatment groups and level of significance are mentioned in the data analysis 
section of the Materials and Methods.
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the activation of other inflammatory genes36,39. Notably, recent studies demonstrated that adiponectin interfered 
with the TLR4-CD14 complex in cardiomyocytes via binding to AdipoR1 and prevented downstream signaling 
to inhibit inflammatory processes18. Adiponectin exhibits a promising role in inflammation-associated diseases, 
such as obesity, diabetes, cardiac injuries and neurological disorders40,41. Osmotin is a homologue of adiponectin, 
and we hypothesized that osmotin would prevent LPS-induced inflammatory processes in a similar manner as 
adiponectin. The established mechanisms of the beneficial effects of adiponectin or osmotin mostly describe 
AMPK and its related molecules. However, our study focused on the anti-inflammatory effect of osmotin via 
interaction with the TLR4-CD14 receptor complex. Previous studies demonstrated that the TLR4 complex con-
tains several receptors, such as MD-2, CD14, TRIF, and MyD88, that are involved in signal processing39. Our 
results demonstrated the presence of AdipoR1 at the TLR4 site, and osmotin interacted with AdipoR1 to prevent 
the downstream inflammatory signals.

Chronic neuroinflammation is a pathological event that occurs during the progression of AD. Activation of 
neuronal microglia and reactive astrocytes during neuroinflammation are important components in AD progres-
sion42,43. The surrounding of β -amyloid deposits in AD brains may contain microlocalized acute phase reactant 
proteins, cytokines, and other inflammatory mediators12. Several studies confirmed impairments of cognitive 
function and increased levels of AD markers, such as Aβ , BACE-1, and p-Tau, following LPS administration 
in rodents4,16. Deng et al.15 recently demonstrated that LPS-induced chronic neuroinflammation developed an 
amyloidogenic axonal and dendritic pathology with up-regulated BACE-1 and Aβ  levels in adult rat brains15. 
Our data also revealed that systemic LPS administration induced a TLR4/NFκ B-based neuroinflammation that 
increased the levels of Aβ , p-Tau, and BACE-1 to the detriment of synaptic function. In contrast, several research 
studies reported an association of the TLR4/CD14 complex with innate immunity receptors on microglia that 
are involved in the clearance of Aβ  deposits as a natural defense mechanism44,45. Recent research elucidated 
the mechanisms of the neuroprotective and anti-AD effects of adiponectin, which include protection against 
Aβ -induced oxidative stress, the insulin-sensitizing action of adiponectin, the modulation of brain metabolism 
and its associated cognitive impairment, and inflammation-associated memory functions46,47. The homolog of 
adiponectin, osmotin, also exhibited an anti-AD effect via a reduction in the protein expression levels of Aβ , 
APP, BACE-1, and p-Tau in adult mouse hippocampus (Fig. 6). We also demonstrated that osmotin regained 
synaptic functionality via elevation of the expression of pre- and post-synaptic proteins, such as SYP, SNAP-25, 
and PSD-95.

LPS-induced neuroinflammation activates the mitochondrial apoptotic pathway and enhances apoptotic neu-
rodegeneration48. LPS-induced apoptosis was also widely investigated in other tissues, such as myocardial cells, 
endothelial cells, and hepatocytes49–51. In vitro and in vivo studies demonstrated that LPS induced neuronal cell 
death via a TLR4-dependent pathway30. TLR4 signaling leads to the activation of AP-1, and AP-1 promotes the 
JNK signaling cascade to induce neuroinflammation and neurodegeneration and/or interferes with the BCL-2 
family of proteins to activate the mitochondrial apoptotic pathway52,53. Our previous reports demonstrated the 
neuroprotective and anti-apoptotic effects of osmotin in developmental models21,22. The present study investi-
gated the potential anti-apoptotic behavior of osmotin in the hippocampus of adult mice. Our results demon-
strated that osmotin inhibited LPS-induced DNA damage and activated the caspase cascade (Fig. 7). Overall, this 
study demonstrated the protective effect of osmotin against LPS-induced neuroinflammation and neurodegen-
eration in vivo and in vitro.

Conclusion
The findings of the current study support the use of osmotin as a novel therapeutic agent for the treatment of 
neuroinflammation, neurodegeneration, and associated diseases. This study provides a new strategy to target 
adiponectin receptors for the treatment of neurodegenerative disorders. Our results demonstrated that the bind-
ing of osmotin to AdipoR1 at the TLR4 site inhibited LPS-induced neuroinflammatory and neurodegenerative 
signals. However, further research is required to evaluate the mechanistic role of osmotin in various neurodegen-
erative disorders.

Materials and Methods
In vitro cell culture and drug treatment. BV2 microglial cells were kindly provided by Dr. I. W. Choi 
(Inje University, Busan, Korea). BV2 cells were maintained in a solution of DMEM, 10% fetal bovine serum 
(FBS), and antibiotics (penicillin and streptomycin). BV2 cells were grown for 4 days and treated as follows:  
(1) Control: incubated in DMEM solution for 24 hr; (2) LPS-treatment: incubated in DMEM solution containing 
LPS (1 μg/ml) for 24 hr; (3) LPS +  osmotin co-treatment: incubated in DMEM solution containing LPS (1 μg/ml) 
and osmotin (0.4 μM) for 24 hr; (4) osmotin treatment: incubated in DMEM solution containing osmotin (0.4 μM) 
for 24 hr; (5) TAK242 and LPS treatment: incubated in DMEM solution containing TAK242 (1 μM) for 2 hr and 
post-incubated with LPS (1 μg/ml) for 24 hrs; and (6) AdipoR1siRNA treatment: incubated in DMEM solution 
containing AdipoR1siRNA (30 pM) for 48 hr and post-incubated with LPS (1 μg/ml) and osmotin (0.4 μM) for 
24 hr. All groups were treated on day 4, and cells were harvested on day 5 for use in the desired analyses.

ApoTox-Glo, triplex assay. The ApoTox-Glo triplex assay (Promega, Promega BioSciences, LLC, San Luis 
Obispo, CA, USA) was performed according to our previously defined procedure22. Briefly, the BV2 microglial 
cell lines were seeded in 96-well plates (1 ×  105 cells/well) in 200 μl of DMEM media. Cells received respective 
drug treatments, and viability/cytotoxicity reagents containing a GF-AFC substrate and bis-AAF-R110 sub-
strate were added to all wells. Cells were agitated for 30 sec and incubated for 1 hr at 37 °C. Fluorescence spectra 
were measured at 400/505 nm for viability assays and 485/520 nm for cytotoxicity assays. Caspase3/7 activity 
was assessed by the addition of caspase-Glo 3/7 reagent (100 μl) to all wells, and luminescence was measured at 
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485/520 nm to determine caspase activation. The results were calculated as % cell viability, % cytotoxicity, and % 
caspase-3/7 activity.

Western blot analysis. Western blot analyses for cell lines were performed to determine the protein expres-
sion levels of inflammatory proteins. Proteins samples from microglial cells were collected after centrifugation 
and separated on Novex 4–12% Bis-Tris Plus gels (Life Technologies) under reducing conditions. Separated 
proteins were transferred to a polyvinylidene difluoride (PVDF) membrane. A broad range of protein markers 
(7–200 kDa; GangNam-STAIN, iNtRON Biotechnology) was run in parallel to detect the molecular weights of 
the proteins. Skimmed milk was used for membrane blocking to reduce non-specific binding. Immunoblottings 
were performed using respective primary antibodies and secondary antibodies. An anti-actin antibody served as 
the loading control. Immunocomplexes were visualized using Ez West Lumi western blotting detection reagent 
(Atto Corporation Tokyo). The X-ray films were scanned, and optical densities of the bands were measured using 
computer-based Sigma Gel software (Jandel Scientific, San Rafeal, Chicago, IL, USA).

Immunoprecipitation. Immunoprecipitation analyses were performed to determine interactions between 
TLR4, CD14, and AdipoR1 receptors. Briefly, microglial cells were collected using RIPA buffer, incubated at 
4 °C for 10 min, disrupted and centrifuged at 10000 ×  g to pellet cellular debris. Protein A/G plus-agarose beads 
(20 μl) were added to the protein sample and incubated for 2 hrs. The beads were retrieved using centrifugation at 
2500 rpm. The supernatants were removed, and 10 μl of primary antibody was added (anti-TLR4, goat polyclonal, 
Santa Cruz Biotechnology). Samples were incubated at 4 °C overnight on a rotating device. Protein A/G agarose 
beads (40 μl) were added and incubated for 4 hrs. Antibody-bound beads were collected using centrifugation 
(2500 rpm, 5 min) and washed three times with PBS following repeated centrifugation. The final pellet was solubi-
lized in 30 μl of 2×  electrophoresis sample buffer, and the solution was boiled for 3–4 min. Proteins were analyzed 
using Western blot analysis.

In vivo drug treatment. C657LB male mice (n =  40, Gyeongsang National University Animal Breeding 
Center, Jinju, South Korea) weighing 25–30 g at the start of the treatment were housed in a temperature-controlled 
environment and maintained on a 12-hr light/dark cycle (lights on at 6:00 am) with food available ad libitum. The 
mice were randomly divided into 4 groups as described below.

1. Control group (i.p. saline for 1 week).
2. LPS group (i.p. 250 μg/kg for 1 week).
3. LPS +  osmotin (i.p. 15 μg/g, 3 times weekly).
4. Osmotin (i.p. 15 μg/g, 3 times weekly).

Figure S4 describes the drug treatment schedule. Experimental procedures were performed in accordance 
with the rules established by the animal ethics committee (IACUC) of the Division of Applied Life Sciences, 
Department of Biology, Gyeongsang National University South Korea. All of the in vivo experimental techniques 
were approved (Approval ID: 125) by the animal ethics committee (IACUC) of the Division of Applied Life 
Sciences, Department of Biology at Gyeongsang National University, South Korea.

Behavioral studies (Morris water maze test). A spatial memory test was performed for behavioral stud-
ies of experimental mice. The water maze apparatus is a circular water tank (diameter: 100 cm and height: 40 cm) 
filled with white ink-mixed water to a depth of 15.5 cm and maintained at 22–25 °C. The circular pool was divided 
into four equal quadrants, and a transparent escape platform (diameter: 10 cm and height 14.5 cm) was placed at 
midpoint of one quadrant. The swimming behavior of the mice was monitored and analyzed using a video track-
ing system (SMART, Panlab Harward Apparatus, Bioscience Company, USA). The mice were trained for 4 con-
secutive days before treatment and rested for 3 days. The latency to escape was calculated for 6 consecutive days. 
The final escape latency and probe tests were performed on the 6th day to evaluate consolidated spatial memory. 
The platform was removed during the probe trial, and each mouse was allowed to search for the platform in the 
pool for 60 sec. The time spent in the target quadrant was used to evaluate the degree of memory consolidation.

Western blot analysis. Mice were anesthetized after treatment and decapitated, and the brain samples were 
differentiated. Cortices and hippocampi were removed and frozen in dry ice. All brain tissues were homoge-
nized in pro-prep extraction solution (iNtRON Biotechnology). Proteins were processed for immunoblotting as 
described above.

Tissue sample preparation. Mouse brain samples (n =  5 per group) were collected after transcardial perfu-
sion with normal saline solution (0.9%) and 4% ice-cold paraformaldehyde. Brain tissues were fixed in paraform-
aldehyde for 3 days followed by immersion in a 20% sucrose phosphate buffer for 3 days. Brain tissues were frozen 
in O.C.T. compound (A.O. Co., USA), and 12–14-μm sections were created in coronal planes (Leica cryostat CM 
3050, Germany). Sections were thaw-mounted on probe-on plus-charged slides (Fisher, USA) at room tempera-
ture and stored at − 70 °C.

Immunofluorescence assays. Tissue slides were dried overnight and washed twice with 0.01 M PBS for 
5 min. Tissue samples were incubated with proteinase K for 5 min, rinsed with PBS and blocked with normal 
serum (Vector Laboratories, 1:20 in PBS) for 60 min. Primary antibodies (TLR4, NFκ B, Tnfα , IL-1β , Aβ , p-Tau, 
PSD95, and Snap-25) were diluted 1:100 in PBS containing 2% serum and 0.1% Triton X-100 and incubated at 
4 °C overnight. FITC- or TRITC-labeled secondary antibodies (anti-rabbit, anti-goat, or anti-mouse) were diluted 
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1:50 in PBS and applied at room temperature for 90 min. Slides were washed twice with PBS for 5 min. The pri-
mary and secondary antibodies for double immunofluorescence were applied the following day. Glass cover slips 
were mounted on glass slides using fluorescent mounting medium (Dako 53023). Images were captured using a 
confocal laser scanning microscope (FV 1000MPE, Olympus, Japan).

Fluoro Jade B staining. Fluoro-Jade B staining was performed according to the manufacturer protocol (cat# 
AG310, Millipore, USA). The tissue slides were air-dried overnight and immersed in a solution of 1% sodium 
hydroxide and 80% ethanol for 5 min. The slides were washed with 70% ethanol followed by distilled water for 
2 min each. Then the slides were immersed in a solution of 0.06% potassium permanganate for 10 min, rinsed 
with distilled water and transferred to a solution of 0.1% acetic acid and 0.01% fluoro-jade B for 20 min. The slides 
were washed with distilled water and allowed to dry for 10 min. Slices were cleared in xylene for 5 min, glass cover 
slips were mounted on the slides and images were prepared with confocal laser scanning microscope (FV 1000, 
Olympus, Japan).

Nissl staining. Tissue samples from control and experimental groups were washed twice with 0.01 M PBS 
for 5–10 min. Slides were stained with warmed a 0.5% cresyl violet solution for 10 min, rinsed with distilled water, 
and dehydrated in a series of graded ethanol (70%, 95% and 100%). Tissue slices were cleared in xylene for 5 min, 
and glass cover slips were mounted using mounting medium. Images were captured using a fluorescent light 
microscope.

Data analysis and statistics. Western blot bands were scanned and analyzed using densitometry in the 
computer-based Sigma Gel System (SPSS Inc., Chicago, IL). Immunofluorescence results were evaluated using 
computer-based ImageJ software, and densities were calculated in arbitrary units. The data are presented as the 
mean ±  standard error of mean (SEM). Data were analyzed using ANOVA followed by Student’s t-test. The sym-
bol ‘*’ indicates a significant difference (p <  0.001), ‘#’ indicates a significant difference (p <  0.01), and ‘χ ’ indi-
cates a significant difference (p <  0.05) compared to their respective control groups. The symbol ‘¤’ indicates 
a significant difference (p <  0.001), ‘Ø’ indicates a significant difference (p <  0.01), and ‘Θ ’ indicates a signif-
icant difference (p <  0.05) compared to LPS-treated groups. (Western blots and graph bars are represented as 
CTL =  Control, LPS =  LPS treated group, LPS +  Os =  LPS and osmotin treated group, and Os =  Alone osmotin 
treated group).
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