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Abstracts The impaired insulin signaling has been recog-
nized as a common pathogenetic mechanism between diabetes
and Alzheimer’s disease (AD). In the progression of AD,
brain is characterized by defective insulin receptor substrate-
1 (IRS-1) and increased oxidative stress. Thymol, a monoter-
pene phenol isolated from medicinal herbs, has exhibited ro-
bust neuroprotective effects. The present study was designed
to investigate the protective effect of thymol on HFD-induced
cognitive deficits, and explore the possible mechanisms.
C57BL/6 J mice were fed for 12 weeks with either HFD or
normal diet. The mice fed with HFD were dosed with metfor-
min (200 mg/kg) or thymol (20, 40 mg/kg) daily. It was ob-
served that thymol treatment significantly reversed the gain of
body weight and peripheral insulin resistance induced by
HFD. Meanwhile, thymol improved the cognitive impair-
ments in the Morris Water Maze (MWM) test and decreased
HFD-induced A3 deposition and tau hyperphosphorylation in
the hippocampus, which may be correlated with the inhibition
of hippocampal oxidative stress and inflammation. In addi-
tion, thymol down-regulated the level of P-Ser307 IRS-1,
and hence enhancing the expression of P-Ser473 AKT and
P-Ser9 GSK3f. We further found that the protective effects
of thymol on cognitive impairments were associated with the
up-regulation of nuclear respiratory factor (Nrf2)/heme oxy-
genase-1(HO-1) pathway. In conclusion, thymol exhibited
beneficial effects on HFD-induced cognitive deficits through
improving hippocampal insulin resistance, and activating
Nrf2/HO-1 signaling.
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Introduction

Alzheimer’s diseases (AD) and Type 2 diabetes (T2DM) are
increasingly prevalent in twenty-first century, which bring a huge
burden to the health care system. Progressive deterioration of
cognition and independent living are the characteristics of AD,
which is the common form of dementia (Chen et al. 2012; Sosa-
Ortiz et al. 2012). Although molecular mechanisms of amyloid-[3
(A[3) deposition and tau hyperphosphorylation have been studied
extensively, the causes and effective treatments of Alzheimer’s
disease are yet to be known. Characterized by insulin resistance,
chronic inflammation and metabolic dysfunction, T2DM has
shown the same characteristics with dementia. (Mittal and
Katare 2016). Hence, in the past decades, many studies have
concentrated on the correlation between T2DM and AD. It has
been reported that a high-fat diet (HFD) consumption in animal
can cause neuronal insulin resistance and subsequently dimin-
ished cognitive functions (Pipatpiboon et al. 2012; Tucsek et al.
2014). By improving insulin signaling pathway can ameliorate
tau hyperphosphorylation, reverse hippocampal synaptic plastic-
ity impairments and prevent neuroplasticity deficits elicited
through intrahippocampal administration of A3 (Biessels and
Reagan 2015). Consequently, the brain insulin signaling is an
important mechanism of T2DM and AD.

Insulin, secreted by the pancreas and transported across the
blood-brain barrier via a saturable transport system (Banks
2004), plays an important role in human brain function such as
the control of whole-body metabolisms (Heni et al. 2015).
Insulin exerts its biological effects by binding to transmembrane
insulin receptors (IRs) in target tissues. Yet IRs are wildly
expressed in CNSs, including olfactory bulb, hypothalamus,
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cerebral cortex, thalamus and hippocampus (Grillo et al. 2015).
Insulin binding to IRs induces receptor autophosphorylation,
then recruits and phosphorylates insulin receptor substrates
(IRS) as well as activates downstream cascades such as phos-
phatidylinositol 3-kinase(PI3K), protein kinase B(AKT) and gly-
cogen synthase kinase 33(GSK33) (Kido et al. 2000;
Steculorum et al. 2014; Hao et al. 2014). Furthermore,
PI3K/AKT pathway affected dendritic spine and synapse forma-
tion and synaptic plasticity (Yin et al. 2015). GSK3{ activity
regulated amyloid-3 (A3) deposition and tau protein phosphor-
ylation (Phiel et al. 2003; Chen et al. 2016), which were major
pathological markers of AD.

Insulin resistance (IR) refers to cells failing to respond to
the normal actions of the hormone insulin in insulin-sensitive
tissues such as the adipose, liver, skeletal muscle (Kang et al.
2016) and brain (Heni et al. 2015), which is one of the major
risk factors driving the development of AD. However, the
underlying mechanisms of this process have not been fully
elucidated. Studies suggested that reactive oxygen species
(ROS) or oxidative stress may interfere with insulin signaling
(Moreira et al. 2007), contributing to insulin resistance by
directly phosphorylating IRS-1 and activating inflammatory
signaling (Wang et al. 2012). Nrf2 is a crucial mediator main-
taining homeostasis of redox status in endogenous antioxidant
systems. Once activated, Nrf2 translocated from cytoplasm to
the nucleus and bond to antioxidant-responsive element
(ARE), and then, initiated the transcription of anti-oxidant
enzyme gene, including glutamate-cysteine ligase, NADPH
quinone oxidoreductase 1, superoxide dismutase (SOD) and
HO-1 (Fujita et al. 2012), which was able to improve insulin
sensitivity and endoplasmic reticulum (ER) stress (Nicolai
et al. 2009; Cai et al. 2016). Recently, a study showed that
deletion of Nrf2 enhanced autophagic dysfunction in AD mice
(Joshi etal. 2015). Likewise, Nrf2 reduced levels of phosphor-
ylated tau protein by inducing autophagy adaptor protein
NDP52 (Jo et al. 2014). The activation of Nrf2/HO-1 pathway
attenuated Af3-induced neurotoxicity in cell lines (Li et al.
2016; Kwon et al. 2015; Wang et al. 2016) and animal models
(Zou et al. 2013). Previous studies also demonstrated that the
consumption of a HFD increased hippocampal oxidative
stress and damaged cognitive functions, which were correlat-
ed with decreased Nrf2 signaling (Morrison et al. 2010).
Above all, these suggested that Nrf2/HO-1 pathway may be
correlated with brain insulin resistance and cognitive
dysfunctions.

Thymol (2-isopropyl-5-methylphenol), a monoterpene
phenol, is isolated from oils of thyme and medicinal herbs,
such as Thymus vulgaris, Thymbra spicata, Thymus ciliates,
Trachyspermum ammi, Monarda fistulosa and Nigella sativa
seeds (Saravanan and Pari 2016). It has been reported that
thymol exhibited a variety of biological activities, including
anti-diabetic (Saravanan and Pari 2015), anti-bacterial (Miladi
et al. 2016), anti-inflammatory (Liang et al. 2014), and
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antioxidant effects (Saei-Dehkordi et al. 2012). Furthermore,
our previous study revealed that thymol displayed
antidepressant-like effects in mice model of depression
(Deng et al. 2015). Reports showed that thymol enhanced
cognitive activities on model of dementia (Azizi et al. 2012),
but the exact mechanism has not been fully studied. Moreover,
thymol treatment has been reported to increase antioxidant
status in rat brain (Youdim and Deans 2000) and display neu-
roprotective effects involving with its potential action on
GABA-mediated inhibition of synaptic transmission. (Marin
et al. 2011). Considering the inspiring beneficial effects of
thymol on the brain, the purpose of this study was to investi-
gate the protective effects and the possible mechanisms of
thymol on cognitive dysfunction in mice induced by HFD.

Materials and methods
Reagents

Thymol (purity > 98 %) was obtained from Xian Kailai
Biotechnology Co., Ltd., (Shanxi, P.R. China). Metformin
(Zhonglian Pharmaceutical Co., Ltd., Shenzhen, P.R. China).
Glucose test kit (Nanjing Jiancheng biological technology
Co., Ltd., Nanjing, P.R. China). Insulin, IL-13 and TNF-«
ELISA kits (Dizhao biological technology Co., Ltd.,
Nanjing, P.R. China). BCA Protein Assay Kit (Beyotime
Institute of Biotechnology Co., Ltd., Shanghai,China). SOD
and MDA assay kits (Nanjing Jiancheng biological technolo-
gy Co.,Ltd., Nanjing,P.R. China). Rabbit anti-Nrf2, anti-HO-
1, anti-P-Tau (Ser396) and anti-Tau were purchased from
Abcam (Cambridge, MA, USA). Rabbit anti-P-IRS-1
(Ser307), anti-IRS-1, anti-AKT, anti-P-AKT (Ser473), anti-
GSK3p, anti-P-GSK3f (Ser9) were obtained from Cell
Signaling Technology (Beverly, MA, USA), while [3-actin
antibody from Bioworld technology, Inc. (USA).

Animal

Male C57BL/6 J mice aged six weeks were purchased from
Animal Breeder of Mount Qing long in Nanjing, China. All
animals were group housed under standard housing conditions
(temperature: 25 £2 °C; with a 12/12 h light/dark cycle). After
one week of adaptive feeding, the mice were randomly divid-
ed into five groups (n = 12): normal group, HFD group,
HFD + thymol(20, 40 mg/kg) groups, HFD + metfor-
min(200 mg/kg) group and fed for 12 weeks with either
High fat diet(tHFD) or normal diet. Mice were administrated
by gavage daily. Thymol and metformin were dissolved in
0.3 % carboxymethyl cellulose sodium. Mice were weighed
once weekly and were sacrificed after 12 weeks. All experi-
mental procedures were performed according to the provision
and General Recommendation of Chinese Experimental
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Animals Administration Legislation and were approved by
the science and Technology Department of Jiangsu Province.

Measurement of insulin resistance

Blood samples were collected from canthus after food depri-
vation for 12 h, and then the samples were centrifuged at
3000r for 15 min to obtain serum. Subsequently, the level of
blood glucose and insulin were measured using a glucose
detection kit and insulin ELISA kits respectively. Then, the
Homeostasis Model Assessment (HOMA) was calculated by
the follow formula (HOMA = fasting insulin (mIU/L / fasting
glucose (mmol / L) / 22.5).

Morris water maze test

Morris water maze test were used to assess spatial learning
and memory of mice. As described in reference (Chen et al.
2016), diameter of 100 cm water maze was divided into four
quadrants. A platform (diameter 10 cm) was placed in a quad-
rant and hidden 1 cm below the surface of the water. During
the training test, each group of mice were put into the maze,
and the escape latency was recorded. If mice found the plat-
form within 90 s, they were allowed to stay on the platform for
15 s, if failed, they were guided to the platform and stayed for
15 s. All mice were trained twice a day for 4 days. On the fifth
day, the platform was removed. The time spent in the target
quadrant was recorded.

Congo red staining

As described in reference (Liu et al. 2013), the brain sections
were stained with hematoxylin for 5-10 min. The coloration
of the sections was developed by Congo red in methanol for
3 min. Finally, the sections were cleared in xylene before
mounting with neutral gum under a cover slip and taken a
photograph under light microscopy by Leica Application suite
V3.1.0 software.

Measurement of superoxide dismutase (SOD),
malondialdehyde (MDA) in brain hippocampus

Mice hippocampus was separated out and homogenized in
cold saline (w:v 1:9). The supernatants were collected by
centrifuging at 3000 r/min for 10 min. The supernatant protein
concentration was detected using BCA kit. Superoxide dis-
mutase (SOD), malondialdehyde (MDA) were detected by
SOD or MDA assay Kkits.

Measurement of IL-13 and TNF-x production

The levels of IL-13 and TNF-« in hippocampus were deter-
mined by ELISA assays. All the protocol were according to

the manufacturer’s instruction. The data were shown as pico-
gram per milliliter (pg/ml).

Western blot analysis

Mice hippocampus were homogenized in lysis buffer. The
supernatants were collected by centrifuging at 12,000 r/min
for 30 min. Protein concentrations were quantified by a BCA
Kit. Equal amounts of proteins were separated on 10 % SDS-
PAGE and transferred to PVDF membrane. Subsequently, the
membrane was placed in 5 % skim milk for 2 h at room
temperature, and incubated overnight with primary antibodies.
The next day the membrane was washed three times, 10 min
each. Then at room temperature with HRP-conjugated sec-
ondary antibodies were incubated for 2 h. The reactive bands
were visualized using chemiluminescence (ECL) kits
(Millipore, Billerica, MA, USA) and Molecular Imager Gel
Doc XR System (Bio Rad). Quantifications were employed
Image pro plus (IPP).

Statistics

The GraphPad Prism 5.0 software was used for data analyzed.
All data were presented as the mean + S.E.M. Differences
between the two groups was analyzed by a one-way analysis
of variance (ANOVA) with Tukey’s test. Statistical signifi-
cance was considered as P-values <0.05.

Results

Effects of thymol on body weight and peripheral insulin
resistance of HFD-fed mice

To examine the effect of thymol on body weight and insulin
resistance induced by HFD, the body weight of the mice were
recorded once a week, the plasma glucose (data no shown)
and insulin were evaluated and then the HOMA was calculat-
ed as discussed above. At the beginning of the experiment,
there was no difference in body weight of mice in each group.
Figure 1a. After 4 weeks, we found that thymol and metformin
treatment could significantly reduce the weight of mice and in
the continuing 12 weeks. As shown in Fig. 1b ¢), the plasma
insulin levels were remarkably elevated in model group.
Thymol and metformin treatment could significantly decrease
the insulin levels versus the model group. In addition, the
HOMA index represents the degree of insulin resistance.
Model group, compared with the normal group, had a signif-
icantly increase in HOMA index. Thymol or metformin treat-
ment showed lower HOMA index. Thus, these results indicat-
ed that thymol or metformin treatment could efficiently im-
prove the peripheral insulin resistance induced by HFD.
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Fig. 1 Thymol decreased the gain of body weight and insulin resistance
in HFD-fed mice. High fat diet fed C57BL/6 J mice were dosed with 20,
40 mg/kg thymol or 200 mg/kg metformin for 12 weeks. (a) Body weight
were recorded weekly (n = 10). (b) Plasma insulin concentrations were

Effects of thymol on HFD-induced learning and memory
deficits

To explore cognitive function in mice fed with HFD, we used
Morris water maze test. As shown in Fig. 2a b. After 12 weeks of
HFD, the escape latency of the model group was remarkably
increased during the training time versus that in the normal
group. Time spent in the target zone was significantly decreased
in the model group versus that in the normal group. Chronic
administration of thymol and metformin ameliorated the alter-
ations involved in escape latency and time spent in the target
zone for the HFD-mice. Above all, these results indicated that
thymol and metformin could improve the learning and memory
performance and prevent the cognitive deficits during HFD
feeding.

Congo red staining

To explore the effect of thymol on HFD-induced A3 expres-
sion, the congo red staining was carried out in hippocampus
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Fig. 2 Data related to learning and memory performance were recorded
by a video-tracking program. (a) Escape latency to find the hidden
platform in the test during the four consecutive days training. (b) The
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detected with commercial kits. (¢) The HOMA index of all the groups
(n=5). Data were shown as means + SEM, *p < 0.05 vs. Model. #p < 0.05
vs. Normal

CA1 region. The data revealed that the A3 deposition in the
hippocampus was aggravated in model group compared with
the normal group Fig. 3a, b. Remarkably, The A3 deposition
level was significantly reversed by the treatment with thymol
and metformin. The results indicated that thymol and metfor-
min could ameliorate the memory impairment due to A3 de-
position in HFD fed in mice.

Effects of thymol on the expression of P-tau

The phosphorylation of tau protein is mediated by proline-
directed protein kinases (PDKs) and the abnormal tau phosphor-
ylation at the Ser396 residue contributes to the reduction of mi-
crotubule binding affinity (Bramblett et al. 1993). After
fed HFD for 12 weeks, P-Tau was significantly increased
in mice hippocampus for the model group. Figure 3c, d;
Treatments with thymol and metformin significantly re-
duced the levels of p-tau, indicating the neuroprotective
effects of thymol on AD.

b
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in target quardant (s)

Metformin 20 40 mg/kg
Thymol
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time of the mice spent in the quadrant where the platform was once placed
within 90 s (n = 8). Data were shown as means = SEM, *p < 0.05 vs.
Model. #p < 0.05 vs. Normal
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Fig.3 Thymol reduced A3 deposition and tau phosphorylation in the hippocampus. a A3 deposition. b The relative expression score of A3 deposition
(%). ¢, d P-Tau were determined by western blot. Data were shown as means + SEM (n = 3), *p < 0.05 vs. Model. #i < 0.05 vs. Normal

Effects of thymol on the oxidative stress and inflammation
in the hippocampus of HFD-fed mice

The neuroinflammation and oxidative stress are closely relat-
ed to cognitive impairment. So the effects of thymol on the
levels of oxidative stress and inflammatory cytokines (IL-13,
TNF-a) in brain hippocampus were measured using assay and
ELISA kits. As shown in Fig. 4a b. The SOD activities were
significantly decreased in model group. Conversely, the MDA
levels were dramatically increased. The treatment groups
could increase SOD activities and reduce MDA levels in hip-
pocampus. Elisa kit results showed that, compared with the
normal group, the IL-1{3 and TNF-« levels were significantly

elevated in model group. Figure 4c d HFD-induced inflamma-
tory cytokines levels were significantly decreased after thymol
and metformin treatments.

Effects of thymol on insulin signaling pathway

To examine whether thymol will affect HFD-triggered insulin
resistance in the brain, we examined the expression of insulin
signaling pathway related proteins. As described in Fig. 5, the
levels of P-IRS Ser307 were significantly increased by HFD.
Additionally, Ser473 of phosphorylation at protein kinase B
(AKT) and glycogen synthase kinase 33 (GSK3{3) Ser9 were
obviously reduced by HFD. However, the thymol and metformin

Fig. 4 Thymol attenuated a b
Py - . 10 254
oxidative stress and inflammation — "
. . —
in hippocampus of HFD-fed S s = .
mice. a b Effects of thymol 7 = g * *
treatment on MDA and SOD. ¢, d E 6 N gﬁ
Effects of thymol on TNF-« and g * S #
4 i 44 o * g
IL-1p levels in the hippocampus £ i =Y =
of mice. Data were shown as < % 8 o
means + SEM (n = 6), *p < 0.05 E 2
vs. Model. #p < 0.05 vs. Normal , E L =
Normal Model Metformin 20 40 mg/kg Normal ~ Model Metformin _20 40 _mglkg
Thymol d Thymol
C
100+ 5001 #
# — . %

~ 801 . @ 400+ gg : . _ %

£ * . = T

2 604 * &0 300 Eg ;

= a0 & 200] S

= 4 .

= 20 & 1001 EE :
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i : 0- s .
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treatment significantly inhibited the increase levels of P-IRS ~ Discussion

Ser307 and the decreased expressions of P-AKT Ser473 and P-
GSK33 Ser9. These result indicated that thymol and metformin
treatment could significantly restore insulin signaling
impairment.

Effects of thymol on Nrf2/HO-1signaling pathway

To further evaluate the underlying mechanisms of thymol on
cognitive deficits, we explored the expression of HO-1 and
Nrf2 in hippocampus. As shown in Fig. 6. HFD significantly
decreased the levels of HO-1 protein in the model group com-
pared with the normal group. Either thymol or metformin treat-
ment was able to restore the HFD-induced decrease in levels of
HO-1. As a redox sensor mediating the antioxidant response,
Nrf2 was significantly decreased after HFD in mice. Oral ad-
ministrated thymol was able to greatly enhance the expression
of Nrf2 protein levels. These results indicated that thymol treat-
ment effectively activated Nrf2/HO-1 signaling pathway.
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NIE2 [ —

B-aCtin e e w— G

HO-1

Normal

Model Metformin

The present study was designed to evaluate the effects of
thymol on HFD-induced cognitive deficits, and explore the
possible mechanisms underlying the therapeutic effects. Our
results showed that long-term HFD consumption induced cog-
nitive deficits, A3 deposition, tau protein phosphorylation,
oxidative stress and inflammation in the hippocampus.
These alterations were significantly reversed by thymol treat-
ments. Thymol pretreatment also improved brain insulin sig-
naling pathway and increased expression of Nrf2 and HO-1 in
the hippocampus. Thus, our present study, for the first time,
investigated the protective effects of thymol on the cognitive
deficits induced by HFD via improving brain insulin signaling
and activating Nrf2/HO-1 signaling.

It is recognized that impairments of insulin signaling increases
the risk of AD and T2DM. HFD in mice not only causes periph-
eral insulin resistance, but also impairs neuronal insulin signal-
ing, thereby damaging cognitive functions (Greenwood and
Winocur 2005; Armold et al. 2014). Previous studies indicated

20 40 mg/kg
Thymol

Model Metformin

20 40 mg/kg
Thymol

Normal

Fig. 6 Effects of thymol on Nrf2/HO-1 pathways. (a) Nrf2 and HO-1 in hippocampus were determined by western blot. (b)(c) The quantitative analysis
of Nrf2 and HO-1using (3-actin. Data were shown as means + SEM (n = 3), *p < 0.05 vs. Model. #p < 0.05 vs. Normal
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that HFD induced hyperphosphorylation of Ser307 IRS-1 and
inhibited downstream AKT/GSK3[3 cascade. As a result,
GSK33 activation aggravated tau phosphorylation and A3 de-
position in AD. In turn, abnormal tau phosphorylation and A3
deposition triggered brain insulin resistance, oxidative
stress, mitochondrial dysfunction and ES stress leading
to neuronal death (Najem et al. 2016; Costa et al. 2013;
Chiang et al. 2016; Lesné et al. 2006; Hoozemans et al.
2012), which have been recognized as an important
mechanism for the initiation and progression of cogni-
tive deficits and AD. Consistent with previous studies,
we demonstrated that long-term consumption of a HFD
significantly eliminated learning and memory ability and
induced A deposition and tau hyperphosphorylation.
These results further demonstrated the important role
of insulin resistance in the development of AD.
However, administration of thymol significantly im-
proved cognitive impairments, A3 deposition and tau
phosphorylation induced by HFD. These indicated the
important role of thymol against brain insulin resistance
in AD.

A robust redox homeostasis is required for insulin to exert
its physiological actions. Conversely, oxidative stress or ROS
overproduction damage insulin signaling and cognitive ability
(D’Apolito et al. 2010; Matsuzawa-Nagata et al. 2008). In the
present study, chronic consumption of a HFD largely in-
creased the level of MDA and decreased the level of SOD,
which were reversed by thymol treatment. Increasing evi-
dence has shown that SOD is a reflection of cellular free
radicals scavenging, while MDA refers to the condition
of lipid peroxidation, which are two primary pathophys-
iological factors in evaluating free radical metabolisms
(Zheng et al. 2008). Moreover, inflammatory cytokines
can be repressed by thymol. Elevated brain proinflam-
matory cytokines under insulin resistance and oxidative
stress will maintain a proinflammatory environment until
further activate proinflammatory pathways (NF- B and
IJNKs) and impair insulin signaling pathways (Verdile
et al. 2015). Furthermore, thymol could decrease P-
IRS Ser307 expression, subsequently enhance AKT/
GSK signaling. These results further support the protec-
tive effect of thymol on insulin signaling via inhibiting
oxidative stress and inflammation.

Nrf2, as a key molecule of the endogenous defense system
against oxidative stress, regulates a battery of antioxidant en-
zymes. The antioxidant stress protein HO-1 is widely recog-
nized as cytoprotective molecule against oxidative insults
(Lim et al. 2007). On one hand, with the activation of
Nrf2/HO-1 pathway, oxidative stress is inhibited and subse-
quently insulin signaling dysfunction, tau phosphorylation
and A3 deposition were ameliorated in the hippocampus.
On the other hand, Nrf2 is negatively regulated by the activity
of GSK-3f which can be inhibited via GSK-3f3

phosphorylation at Ser 9 caused by AKT (Hong and An
2015). Therefore, improving the insulin signaling and increas-
ing the phosphorylation of AKT lead to GSK-3f3 (Ser 9) phos-
phorylation and Nrf2 activation. In the present study, Nrf2
level was significantly decreased in the hippocampus of mod-
el group, reflecting an attenuated antioxidant and homeostatic
capacity. Administration of thymol increased the HO-1 ex-
pression and Nrf2 translocation, which suggested that its neu-
roprotective effects were possible through activating the
Nrf2/HO-1 pathway. Moreover, activated Nrf2 signaling
could inhibit declines in cognitive performance contributing
to the improvement of brain insulin resistance (IR), as well as
through more direct mechanisms.

Additionally, metformin, an anti-diabetic agent, has been
shown to reverse the cognitive deficits induced by HFD via
attenuating peripheral insulin resistance, decreasing plasma
and brain oxidative stress, and restoring brain mitochondrial
function (Pintana et al. 2012). But there are also reports that
long-term administration of metformin may increase the
risk of cognitive impairments in diabetic patients
(Moore et al. 2013). In our study, administration of
metformin significantly improved cognitive deficits, in-
sulin resistance, oxidative stress and neuroinflammation.
However, compared with the model group, metformin
treatment was no significant difference in the expression
of Nrf2. Additionally, Allard’s research indicated that
prolonged metformin treatment (six month) leads to
reduced Nrf2 expression without cognitive impairment
in older C57BL/6 J mice (Allard et al. 2016). It is an
interesting result that needs further study.

Hence, our results suggested that administration of thymol
and metformin improved brain insulin resistance, as well as
significantly reduced A3 deposition and tau phosphorylation
in hippocampus. Furthermore, treatment of thymol attenuated
oxidative stress and inflammation and markedly increased the
expression of Nrf2 and HO-1.

Conclusion

In conclusion, thymol possesses the ability of improving cog-
nitive dysfunction caused by HFD and the mechanisms are
partly through ameliorating brain insulin resistance and en-
hancing Nrf2/HO-1 signaling. But the specific mechanisms
needs to be further explored. This suggests an important role
of thymol in response to insulin resistance, and provides an
insight into the potential therapeutic implications of thymol
for AD and T2DM.
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