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function, but increased brain phosphorylated (p)-Tau and astrogliosis marker, while
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induced greater changes compared to the nicotine e-vapour and included, increased
systemic cytokines, increased brain p-Tau and decreased postsynaptic density protein
(PSD)-95 levels in chow-fed mice, and decreased astrogliosis marker, increased
microglia and increased glycogen synthase kinase levels in HFD-fed mice. Increased
hippocampal apoptosis was also differentially observed in chow and HFD mice. In
conclusion, E-vapour exposure impaired short-term memory independent of diet and
nicotine, and was correlated to increased systemic inflammation, reduced PSD-95
level and increased astrogliosis in chow-fed mice, but decreased gliosis and increased
microglia in HFD-fed mice, indicating the inflammatory nature of e-vapour leading to
short term memory.
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Dear editor, 

 

Thank you for allowing us to revise our manuscript. Please find enclosed a revised manuscript entitled 

“ Brain health is independently impaired by E-vaping and high-fat diet” [authors: Hui Chen, Baoming 

Wang, Gerard Li, Joel R Steele, Sandy Stayte, Bryce Vissel, Yik Lung Chan, Chenju Yi, Sonia Saad, 

Rita Machaalani, Brian G Oliver] for consideration of publication. 

We would like to thank both reviewers for their positive comments and constructive suggestions. We 

have addressed the comments raised by the reviewers, and amended the manuscript accordingly.   

We hope that our revised manuscript will meet with your approval and be suitable for publication in 

your journal. We are looking forward to hearing about your decision. 

 

Yours sincerely, 

Professor Brian Oliver, PhD 
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Response to the reviewers 

Reviewer #1: 

1.     Please clarify the immunohistochemistry result of caspase 3. 

Response: We apologise for the missing X-axis information.  This has now been corrected and the 

figure legend clarified accordingly. We have also clarified the discussion paragraph pertaining to this 

data to make it more specific.  

 

2.     Could the authors explain the discrepancy between the immunohistochemistry result and western 

blotting results for caspase 3? 

Response: We apologise if we lead the reviewer to perceive we undertook western blotting for 

Caspase-3. We do not have this data in the manuscript. Although we did attempt it, the signal was 

faint and we ran out of antibody, so we were not able to troubleshoot it further. We believe the 

immunohistochemistry data for caspase-3 is superior given it allows for specific region analysis of 

the hippocampus important for correlation with the memory data as we have presented it.  

 

3.     Please be consistent with whether capital Synapsin throughout the manuscript. For Tau statistics, 

P=0.05 was reported; whereas for GFAP, P=0.052 was used. Please be consistent with how you report 

such close to significant value. 

Response: We have revised the manuscript accordingly. 

 

Reviewer #2:  

1. The title as it stands poses the question “Is there a synergic effect of e-vaping and high fat diet 

consumption on brain health?” I wonder whether a title that encapsulates the main message of the 

paper would be more appropriate. 

Response: Thank you for this suggestion, we have revised the title to “Brain health is independently 

impaired by E-vaping and high-fat diet”.  

2. The graphical abstract has E-vporing.  Please change to E-vapour. 

Response: We have corrected the typo. 

3. Why were Balb/c mice used in the study?  Can the authors also justify why male mice were used? 

Did the authors assess lung inflammation in the current study? I am wondering whether there is lung 

inflammation in the e-cigarette models and whether this is spilling over into the blood to cause the 

observed neuroinflammation.  Or, is it happening independent of any effects on the lung? 

Response: Balb/c mice were used due to their susceptibility to the effects of cigarette smoke exposure 

/ e-vapour exposure, and we have now clarified these in the Methods section (Page 3 line 86-87). We 

used only males as we have found males and females had similar responses to direct environmental 

toxin exposure (Chan et al. Sci Rep 2016;6:25881).  

We did assess lung inflammation, which will be reported separately. We agree with the reviewer that 

lung-derived inflammatory mediators are likely to in-part drive some of the changes we have seen.  

However, we did see some discrepancies in the inflammatory response between the brain and the 

lung, which may be caused by the selection of blood brain barrier.  In future studies we would like to 

address this specific research question as in the present study we would only be able to do this by 

correlation, which is perhaps a little too superficial. We now allude to this by adding a sentence in 

the discussion (page 8 line 327-329). 
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 19 

Abstract 20 

Tobacco smoking and high-fat diet (HFD) independently impair short-term memory. E-cigarettes 21 

produce e-vapour containing flavourings and nicotine. Here, we investigated whether e-vapour 22 

inhalation interacts with HFD to affect short-term memory and neural integrity. Balb/c mice (7 weeks, 23 

male) were fed a HFD (43% fat, 20kJ/g) for 16 weeks. In the last 6 weeks, half of the mice were 24 

exposed to tobacco-flavoured e-vapour from nicotine-containing (18mg/L) or nicotine-free (0mg/L)) 25 

e-fluids twice daily. Short-term memory function was measured in week 15. HFD alone did not impair 26 

memory function, but increased brain phosphorylated (p)-Tau and astrogliosis marker, while neuron 27 

and microglia levels were decreased. E-vapour exposure significantly impaired short-term memory 28 

function independent of diet and nicotine. Nicotine free e-vapour induced greater changes compared 29 

to the nicotine e-vapour and included, increased systemic cytokines, increased brain p-Tau and 30 

decreased postsynaptic density protein (PSD)-95 levels in chow-fed mice, and decreased astrogliosis 31 

marker, increased microglia and increased glycogen synthase kinase levels in HFD-fed mice. Increased 32 

hippocampal apoptosis was also differentially observed in chow and HFD mice. In conclusion, E-33 

vapour exposure impaired short-term memory independent of diet and nicotine, and was correlated to 34 

increased systemic inflammation, reduced PSD-95 level and increased astrogliosis in chow-fed mice, 35 

but decreased gliosis and increased microglia in HFD-fed mice, indicating the inflammatory nature of 36 

e-vapour leading to short term memory. 37 
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Introduction  38 

Tobacco smoking remains the leading cause of preventable death and disability worldwide. E-39 

cigarettes (electronic nicotine delivery devices) are controversial, being marketed as quit -smoking aids 40 

despite many users having never smoked conventional cigarettes (Knight-West and Bullen, 2016; 41 

Layden et al., 2019). E-cigarettes are popular amongst younger people, partially as a gadget and as a 42 

‘safe cigarette’ due to fewer toxicants produced compared with the conventional tobacco cigarettes (Li 43 

et al., 2018; Ruszkiewicz et al., 2020).  44 

Tobacco smoking is well-known to affect cognitive function, especially short-term memory (Sabia et 45 

al., 2012). Synaptic plasticity plays a key role in memory formation during learning, although whether 46 

the memory is stored in the synapasesynapse is unclear (Martin et al., 2000). Nicotine may affect 47 

memory retention by altering presynaptic neurotransmitter release and synaptic potentiation (Sabia et 48 

al., 2012). Human research on e-vaping is still lacking, given the short appearance of this product on 49 

the market and its potential to cause permanent cognitive impacts during neuronal development. 50 

Interestingly, recent publications on the influence of e-vaping on neurocognitive function in animal 51 

models focus on in utero exposure, which is critical for early life neural development (Ruszkiewicz et 52 

al., 2020). These studies on direct exposure focus on neurotoxic effects and lung injury (Ruszkiewicz 53 

et al., 2020). While in utero exposure can impair short-term memory function (Church et al., 2020; 54 

Nguyen et al., 2018), it is unknown whether direct long-term inhalation of e-vapour can influence 55 

memory function.    56 

Obesity/overweight is a global health issue, affecting 39% of the population worldwide in 2016, with 57 

morbidity continuing to increase (WHO, 2018). Obesity is a low grade inflammatory disease, due to 58 

the recruitment and accumulation of tissue macrophages in response to lipid influx in metabolic tissues 59 

(Lumeng et al., 2008). High-fat diet (HFD) consumption is well-known to cause insulin resistance 60 

leading to the development of type 2 diabetes. Such insulin resistance does not just occur in the glucose 61 

metabolic organs, but also in the brain, where glucose uptake is normally insulin-independent (Arnold 62 

et al., 2014). This phenomenon correlates with spatial memory change and reduced synaptic plasticity 63 

(Arnold et al., 2014). However, it is not known if smoking accelerates the cognitive functional decline 64 

associated with obesity. Body mass index (BMI) positively correlates with e-cigarette use (Lanza et 65 

al., 2017), making it essential to investigate their combined impacts.  66 

As shown by us and others, in mice exposed directly or in utero to e-vapour, some of the adverse effects 67 

are nicotine independent (Chen et al., 2018a; Chen et al., 2018b; Church et al., 2020; Li et al., 2019). 68 

This may be because the heated solvent (mainly lipid-based) produces neurotoxic chemicals 69 

(Ruszkiewicz et al., 2020). Of the thousands of e-cigarette flavours aiming to attract younger users, 70 

several are toxic after heating (Farsalinos et al., 2013; Kosmider et al., 2016; Lee et al., 2019). Despite 71 

the variety of flavours, tobacco-flavoured e-fluids are the most popular option. In Australia, nicotine-72 

containing e-fluids are banned from sale. Therefore, using our well-established mouse models of e-73 

vapour exposure and HFD consumption (Chen et al., 2007; Chen et al., 2018a), we used tobacco 74 

flavoured e-fluids with and without nicotine, aiming to investigate how e-vapour exposure alone affects 75 

brain markers related to cognition and in the presence of long-term HFD consumption. We examined 76 

the independent and combined effects of these two risk factors- representing an inhaled (e-vapour) 77 

versus an ingested (HFD) form of lipids on memory behaviour, cell integrity, brain cell levels, synaptic 78 

protein markers, brain insulin signaling, inflammation, apoptosis, and oxidative stress responses.  79 

 80 

Materials and Methods  81 

Animal experiments  82 
All animal experiments were approved by the Animal Ethics and Care Committee at Northern Sydney 83 
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Health District (RESP17/93) and all experiments were performed according to the Australian National 84 

Health & Medical Research Council Guide for the Care and Use of Laboratory Animals. Male Balb/c 85 

mice (7 weeks) were housed at standard conditionconditions (room temperature 20±2°C with a 12h 86 

light, 12h dark cycle, ad libitum access to standard rodent chow and water). Balb/c mice were used due 87 

to their susceptibility to the influence of cigarette smoke exposure.  88 

Half of the mice were fed a HFD (43% fat, 20kJ/g, Specialty Feeds, WA, Australia) for 10 weeks to 89 

induce obesity with the other half fed standard chow as control (14% fat, 14kJ/g, Gordon’s Specialty 90 

Stockfeeds, NSW, Australia). From weeks 11-16, two sub-groups of mice (n=10) in each dietary group 91 

were exposed to nicotine-containing e-vapour (18mg/mL (regular strength) nicotine, tobacco flavor, 92 

50% Propylene Glycol (PG)/50%Vegetable Glycerin (VG), Vaper Empire, VIC) or nicotine-free e-93 

vapour (0mg/mL, tobacco flavour, 50% PG/50% VG, Vaper Empire, VIC) for 30 minutes, twice daily 94 

in a 19L chamber as we have previously published (Chen et al., 2018a); while the same diets were 95 

maintained. E-vapour was generated from a 3rd generation e-cigarette device (KangerTech NEBOX, 96 

KangerTech, Shenzen, China). The amount of nicotine produced by the nicotine-containing e-fluid is 97 

equivalent to 2 cigarettes (2.4 mg nicotine) per exposure, adopted from our previous model 98 

representing light smokers (Chan et al., 2016; Vivekanandarajah et al., 2016). The treatment chart is 99 

illustrated in Figure 1. 100 

At the endpoint, the mice were weighed and deeply anaesthetised with isoflurane (2%) before cardiac 101 

puncture for blood collection. The left hemisphere of the brain was snap-frozen and kept at -80°C, and 102 

the right hemisphere was fixed in formalin. Retroperitoneal fat pads were dissected and weighed to 103 

evaluate adiposity. Cotinine level was measured using a commercial ELISA kit (Abnova, Taipei, 104 

Taiwan) as per the manufacturer’s instructions. Serum proinflammatory cytokines IL-1β and TNFα 105 

were measured by a Bio-Plex Pro™ Mouse Chemokine Panel 33-Plex kit (Bio-Rad, CA, USA) 106 

according to the manufacturer's instruction. 107 

Behavioural test 108 
The novel objective recognition (NOR) test was used to evaluate short term memory retention. At week 109 

15 of the experiment, mice were placed in a dark-coloured box containing two identical square blocks 110 

for familiarisation and test phases (5-minute sessions, 1-hour interval), as we have published (Chen et 111 

al., 2016). During the test phase, one of the objects was replaced with a triangular shaped object. The 112 

results represent the percentage of the total time spent with the new object out of the total time spent 113 

with both objects, as previously published (Quinn et al., 2008; Thanos et al., 2015). It is the nature of 114 

a mouse to explore a novel object; thus spending a similar amount of time with each object (old and 115 

new) is a sign of impaired short term memory.  116 

Western Blotting 117 
Western blotting was performed for markers of neural integrity (phosphorylated (p)-Tau), 118 

inflammation (IL-1β), oxidative stress (manganese superoxide dismutase (MnSOD), and insulin 119 

signaling elements (phosphorylated and total 5' AMP-activated protein kinase (AMPK), Protein kinase 120 

B (Akt), and Glycogen synthase kinase 3 (GSK)). We also measured the number of neurons (via 121 

Neuronal Nuclei, NeuN), glia (Glial fibrillary acidic protein, GFAP), and microglia (Ionized calcium-122 

binding adaptor protein-1, Iba-1). The left hemisphere of the brain (excluding the cerebellum and 123 

brainstem) was homogenised using cell lysis buffers for the whole protein. Protein samples (40µg) 124 

were separated on NuPage® Novex® 4-12% Bis-Tris gels (Life Technologies, CA, USA) and then 125 

transferred to PVDF membranes (Rockford, IL, USA), which were blocked with nonfat milk powder 126 

and incubated with the primary antibodies IL-1β (1:2,000; Cat #NBP1-19775, NOVUS), AMPK 127 

(1:1000; Cat #5831, Cell Signaling Technology), p-AMPK (1:1000; Cat #50081, Cell Signaling 128 

Technology), Akt (1:1000; Cat #4685 Cell Signaling Technology), p-Akt (1:1000; Cat #13038, Cell 129 

Signaling Technology), GSK (1:1000; 12456, Cell Signaling Technology), MnSOD (1:2000; Cat 130 
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#2651886MERCK), PSD-95 (1:1000; Cat #3409S, Cell Signaling Technology), Synapsin (1:1000; Cat 131 

#5297S, Cell Signaling Technology), NeuN (1:2000; Cat #MAB377, MilliporeSigma), GFAP (1:1000; 132 

Cat #Z0334, Dako), Iba-1 (1:2500; Cat # 019-19741 Wako Chemicals) overnight and then secondary 133 

antibodies (goat anti-rabbit (cat #STAR124P, BIO-RAD)  or rabbit anti-mouse; (Cat #ab 6789, Abcam) 134 

IgG horseradish peroxidase-conjugated secondary antibodies, Santa Cruz Biotechnology, Texas, USA) 135 

for 1 hour. Protein expression was detected by SuperSignal West Pico Chemiluminescent substrate 136 

(Thermo, MA, USA) by exposure of the membrane in Chemidoc MP (Bio-Rad, California, USA). 137 

Protein band density measured using ImageJ software (National Institute of Health, Bethesda, 138 

Maryland, USA) with the results expressed as a ratio of the individual marker intensity relative to β-139 

actin (1:1000, Cat #AHP2417, Bio-Rad) band intensity. 140 

Immunostaining 141 
For neuron staining, frozen brain hemispheres were sectioned for the hippocampus, and the slides were 142 

incubated with mouse monoclonal neuronal nuclei (NeuN 1:500, MAB377, Merck Millipore, 143 

Australia) antibody for 72h at 4C followed by biotin-labelled secondary antibody (ab6813, Abcam, 144 

UK) overnight at 4C. All sections were then incubated in avidin-biotin complex (Vector Laboratories) 145 

at room temperature 1 hr before NeuN immunolabelling detected with 3,3’-Diaminobenzidine (DAB, 146 

Abacus) until desired staining levels achieved. Sections were mounted and coverslipped with 50% 147 

glycerol solution (Sigma-Aldrich, MS, USA). Quantification of NeuN-labelled cells was performed 148 

using the optical fractionator method (Zeiss Axio Scan.Z1, Zeiss, Germany) and the use of Stereo 149 

Investigator 7 software (MBF Bioscience). Every 6th section was quantified, with a total of five sections 150 

sampled per animal. For estimations of NeuN positive populations a counting frame of 40m x 40m 151 

and a grid size of 84m x 60m was used in conjunction with a guard zone height of 5m and dissector 152 

height of 10m. The coefficient of error attributable to the sampling was calculated according to 153 

Gundersen and Jensen (Gundersen and Jensen, 1987) with errors 0.10 regarded as acceptable.  154 

Formalin fixed paraffin embedded hippocampal tissue sections, 100 µm apart for each case (n=5 per 155 

group), were stained for apoptosis (active caspase-3) and cell death (Terminal deoxynucleotidyl 156 

transferase end labelling method; TUNEL) following our previously described methods (Chan et al., 157 

2017a; Chan et al., 2017b). In brief, sections were deparaffinised in xylene, hydrated by being taken 158 

through decreased gradient ethanol concentrations to distilled water. They were then antigen retrieved 159 

by microwaving followed by cooling and proceeded with active Caspase-3 or TUNEL staining. For 160 

active caspase-3, sections were incubated with the antibody (1:300, 559565, BD Biosciences, 161 

Australia) overnight, followed by the secondary antibody (horse anti-rabbit HRP, 1:200, Vector 162 

Laboratories, USA), avidin–biotin complex (ABC) (VEPH4000, Vector Laboratories Inc., California, 163 

USA) and then colour developed using the diaminobenzidine (DAB) chromogen (K346811, Dako). 164 

For TUNEL, this was via the ApopTag®Peroxidase kit (S7100, Merck Millipore, Victoria). Sections 165 

were briefly incubated with 50µl of equilibration buffer and then terminal deoxynucleotidyl transferase 166 

(tdt; 1:4 with reaction buffer) was added to each section, coverslipped and incubated for 1 hour at 37oC. 167 

Negative controls were incubated with water instead of Tdt. The reaction was stopped by incubating 168 

the sections in stopwash buffer. Anti-Digoxigenin-Peroxidase was added, followed by colour 169 

development in DAB. All sections were counterstained in haematoxylin, dehydrated through 170 

increasing concentrations of ethanol and coverslipped in DPX. Quantification was performed for the 171 

dorsal hippocampus with reference to the brain atlas by Paxinos and Franklin (Franklin and Paxinos, 172 

2019) ensuring only sections that spanned -1.34 to -2.3mm relative to bregma were quantified given it 173 

was along this stretch that the 3 CA regions (CA1-3) were present. Only the CA1 and CA3 regions 174 

were quantified given their role in memory (Dimsdale-Zucker et al., 2018; Farovik et al., 2010). 175 

Sections were scanned (Zeiss Axio Scan.Z1, Zeiss, Germany) and quantified using the NDP.view2 176 

program (Hamamatsu Photonics), as a percentage of positive staining (% positive).  177 
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Statistical method 178 
The results are expressed as mean ± standard error of the mean (SEM) and analysed by two-way 179 

ANOVA followed by Fisher’s least significant difference (LSD) post hoc tests (GraphPad Prism 8.3, 180 

GraphPad, CA, USA). P< 0.05 was considered statistically significant. 181 

 182 

Results  183 

Body weight and adiposity 184 

Plasma cotinine levels reflect the level of nicotine exposure. Sham exposed mice and nicotine-free e-185 

vapour exposed mice had similar cotinine levels regardless of diet (Table 1), similar to our previous 186 

observations (Chan et al., 2016; Vivekanandarajah et al., 2016). Nicotine-containing e-vapour exposed 187 

mice had nearly 4 times the cotinine levels in their blood (P<0.01 vs other groups fed the same diet, 188 

Table 1).  189 

At week 0, all groups started at a similar body weight (Table 1). HFD consumption induced significant 190 

weight gain in the HFD+sham mice (P<0.05 vs Chow+sham, Table 1), with more than doubled fat 191 

mass (P<0.01 vs Chow+sham for both net fat mass and standardised by body weight).  In chow-fed 192 

mice, e-vapour exposure reduced body weight regardless of nicotine, while in HFD-fed mice, this is 193 

only obvious in mice exposed to nicotine-free e-vapour (P<0.05, HFD+e-cig0 vs HFD+sham) with 194 

smaller fat pads (P<0.01 HFD+e-cig0 vs HFD+sham for both net fat mass and as a percentage of body 195 

weight, Table 1). 196 

Short term memory 197 

HFD consumption itself did not affect the ability to recognise a new object; however, e-vapour 198 

exposure impaired recognition. In chow-fed mice, both Chow+e-cig18 and Chow+e-cig0 groups spent 199 

less time on the new object compared with the Chow+sham group (P<0.05, 0.01 respectively, Figure 200 

2a). In the HFD mice, a similar effect of e-vapour exposure was observed albeit without statistical 201 

significance (P=0.06 HFD+e-cig18 vs HFD+Sham, P= 0.07 HFD+e-cig0 vs HFD+Sham, Figure 2a).  202 

Neural integrity markers and cell type levels in the whole brain 203 

In non-genetically modified mice, p-Tau can be detected in degenerated neurons (Baker and Götz, 204 

2016). HFD consumption significantly increased p-Tau level (P<0.05 HFD+sham vs Chow+sham, 205 

Figure 2b). In chow-fed mice, the protein level of p-Tau was nearly doubled by e-vapour exposure 206 

regardless of nicotine but did not reach statistical significance (P=0.054 Chow+e-cig18 vs 207 

Chow+sham, P=0.08 Chow+e-cig0 vs Chow+sham, Figure 2b). In HFD mice, additional e-vapour 208 

exposure did not have a significant impact on p-Tau levels. 209 

The number of neurons was semi-quantitatively assessed by NeuN which produced 2 protein bands at 210 

46kDa and 48kDa. Based on the literature, the 46kDA predominates in the nucleus and 48kDA 211 

predominates in the cytoplasm of neurons (Maxeiner et al., 2014). We found HFD decreased overall 212 

NeuN protein levels (P<0.01 HFD effect for both 46 kDa and 48 kDa, Figure 2e), while nicotine-213 

containing e-vapour only reduced 46kDa- NeuN in chow-fed mice (P<0.05 Chow+e-cig18 vs 214 

Chow+Sham, Figure 2c). Microglial marker Iba-1 was reduced in HFD-fed mice (P<0.05 HFD+sham 215 

vs Choow+sham, Figure 2d), but was increased by exposure to e-vapour (P<0.05 HFD+e-cg0 vs 216 

HFD+sham, Figure 2d). Astrocyte marker GFAP was increased by by nicotine-free e-vapour exposure 217 

alone (P<0.01 Chow+e-cig0 vs Chow+sham, Figure 2e) and HFD consumption (P=0.052 HFD+sham 218 

vs Chow+sham, Figure 2e), but was decreased by additional e-vapour exposure in the HFD groups 219 

(P<0.05 HFD+e-cig18 vs HFD+Sham, P< 0.01 HFD+e-cig0 vs HFD+Sham, Figure 2e).  220 

Hippocampus specific neuronal and apoptosis markers 221 
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At the specific hippocampal level focusing on CA1 and CA3 pyramidal layers, NeuN staining was 222 

significantly reduced in the CA1 of Chow+e-cig0 and HFD+e-cig18 groups compared with sham-223 

exposed mice fed the same diet (P<0.05 Chow+e-cig0 vs Chow+sham, P<0.05 HFD+e-cig18 vs 224 

HFD+sham, Figure 3a), while no significant difference was found in CA3 region (Figure 3b).  225 

For the apoptosis markers, in the CA1 region, TUNEL was increased due to HFD in the e-vapour 226 

groups (P<0.05, overall diet effect, Figure 3c), while in the CA3 region, TUNEL positive cells were 227 

increased in the Chow+e-cig18 group (P<0.05 vs Chow+sham, Figure 3d) and HFD+e-cig0 group 228 

(P<0.05 vs Chow+e-cig0, Figure 3d). For active Caspase-3, no statistically significant changes were 229 

evident butexcept for an overall increase in the CA1 region was evident in the HFD groups compared 230 

to their chow counterparts (P< 0.05 overall HFD effect, Figure 3e).  231 

Inflammation and oxidative stress in the whole brain 232 

In the serum, HFD consumption doubled the amount of the pro-inflammatory cytokine IL-1β 233 

(P=0.07908 vs Chow+sham, Table 1) and increased TNFα level by 2.5 times (P<0.05 vs Chow+sham, 234 

Table 1). In Chow-fed mice, exposure to nicotine e-vapour doubled serum IL-1β and TNFα levels 235 

albeit without statistical significance, whereas exposure to nicotine-free e-vapour led to significantly 236 

increased IL-1β and TNFα (both P<0.05 vs Chow+sham, Table 1), which was not observed in HFD-237 

fed mice. However, there was no such change in brain IL-1β protein level (data not shown) and TNFα 238 

protein was not measurable. The endogenous antioxidant MnSOD level can reflect the oxidative stress 239 

level. In the brain, MnSOD level was marginally lower in e-vapour exposed mice consuming chow 240 

diet, however neither HFD consumption nor e-vapour exposure significantly changed MnSOD level 241 

(Figure 4a).  242 

Synaptic protein markers in the whole brain 243 

HFD alone did not significantly change the postsynaptic density protein PSD-95 level, while e-vapour 244 

exposure significantly reduced the PSD-95 protein level in chow-fed mice (P<0.01, Chow+e-cig18 and 245 

Chow+e-cig0 vs Chow+sham, Figure 3b). However, no significant impact of e-vapour was found in 246 

HFD-fed mice (Figure 4b). Neither HFD consumption nor e-vapour exposure affected synapsinthe 247 

Synapsin level (Figure 4c). 248 

Brain insulinInsulin signaling pathway markers in the whole brain 249 

Neither HFD nor e-vapour exposure changed p-AMPK and total AMPK levels (Figure 5a). There was 250 

a significant increase in the ratio of p-AMPK/total AMPK in HFD+e-cig0 mice compared to 251 

HFD+sham group (P<0.05, Figure 5a). While p-Akt was not significantly changed by either HFD or 252 

e-vapour, total Akt was significantly reduced in Chow+e-cig0 and HFD+Sham groups (both P<0.05 253 

vs Chow+Sham, Figure 5b). The ratio of p-Akt/total Akt was significantly increased in Chow+e-cig0 254 

and HFD+Sham groups due to the reduced total level (P<0.05 vs Chow+Sham, Figure 5b). GSK level 255 

was significantly increased by e-vapour exposure among the HFD mice regardless of nicotine level 256 

(P< 0.01, HFD+e-cig18, HFD+e-cig0 vs HFD+Sham, Figure 5c). 257 

 258 

Discussion  259 

In this study, we examined the effects of two types of lipids, inhaled via e-vapour exposure and ingested 260 

via HFD feeding. The major finding is that e-vapour exposure impaired short-term memory function, 261 

independent of both diet and nicotine. However, there was no clear pattern of how HFD consumption 262 

and e-vapour exposure regulate neurodegenerative and apoptotic markers. Although synaptic plasticity 263 

seems to correlate to the functional memory decline in chow-fed mice and altered gliosis to the memory 264 

decline in HFD-fed mice, we did not see strong evidence of the influence of nicotine.   265 
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In our model, synaptic change may contribute to cognitive impairment. PSD-95 is a structural protein 266 

critical to maintaining the excitatory postsynaptic density PSD and synaptic function (Chen et al., 267 

2011). Nicotine has been shown to slow down PSD-95 degradation after short-term treatment and it is 268 

considered to protect synapses, especially in the setting of dementia (Inestrosa et al., 2013; Rezvani et 269 

al., 2007). In fact, smoking can exacerbate the development of Alzheimer's disease, suggesting 270 

chemicals other than nicotine could be the major player (Moreno-Gonzalez et al., 2013). This theory 271 

is well presented in our mice exposed to e-vapour, whose short-term memory was impaired in the 272 

presence of reduced PSD-95 level. HFD consumption, on the other hand, was linked to reduced PSD-273 

95 without affecting other synaptic markers in mice (Arnold et al., 2014). Here, long-term HFD 274 

consumption alone did not change PSD-95 level, in line with normal memory performance. The 275 

Synapsin level was unaffected in our model. Nevertheless, e-vapour exposure and HFD does not seem 276 

to interact regarding their influence on the synaptic marker and memory in our model. 277 

The memory impairment in HFD-fed mice seems to be driven by altered gliosis and involves the GSK 278 

insulin signalling pathway. Recently, astrocytes have been closely related to learning and memory 279 

function (Alberini et al., 2018; Kol et al., 2020; Moraga-Amaro et al., 2014), while microglia play an 280 

important role in obesity-related cognitive decline before metabolic disorders are developed (Cope et 281 

al., 2018). Here, we saw in the whole brain, an increase in GFAP as an astrogliosis marker and a 282 

decrease in Iba-1 as a microglia marker in HFD-fed mice, which may be an adaptive response to 283 

preserve their short-term memory function. The decrease in whole-brain microglia number is consistent 284 

with a previous study (Milanova et al., 2019) yet opposite to the literature where increased Iba-1 was 285 

observed in the hypothalamus regions (Baufeld et al., 2016; Huang et al., 2019). This may be due to 286 

the involvement of the hypothalamus in energy homeostatic regulation in response to HFD feeding. 287 

Nevertheless, additional e-vapour exposure impaired such adaptation to decrease GFAP reflecting 288 

astrogliosis and increase microglia in HFD-fed mice, which correlate with their declined memory 289 

function.  290 

Human studies have linked type 2 diabetes to the development of dementia, especially in those without 291 

familial history (Yarchoan and Arnold, 2014). While blood glucose has been suggested to be the 292 

independent factor even without the diagnosis of diabetes, the underlying connection has been 293 

suggested to be insulin resistance in the brain, or reduced insulin signaling activity (de Matos et al., 294 

2018; Sandoval and Sisley, 2015; Yarchoan and Arnold, 2014). Insulin resistance is due to increased 295 

Akt phosphorylation activated by AMPK, which can no longer suppress GSK (de Matos et al., 2018; 296 

Yarchoan and Arnold, 2014). The latter induces Tau hyperphosphorylation and β-amyloid 297 

accumulation leading to neurodegeneration (de Matos et al., 2018; Yarchoan and Arnold, 2014). 298 

Smoking has also been shown to interrupt brain insulin signaling, possibly through inducing AMPK 299 

(Deochand et al., 2016; Martínez de Morentin et al., 2012). However, it is unknown how smoking and 300 

type 2 diabetes interact during the development of dementia. In non-genetically modified mice, it is 301 

observed that β-amyloid accumulation was not occurring despite Tau still being hyperphosphorylated 302 

(Baker and Götz, 2016). In this study, HFD consumption and e-vapour exposure differentially affected 303 

each element of the AMPK-Akt-GSK-Tau pathway, with no distinct pattern, suggesting other unknown 304 

pathways involved.  305 

Nevertheless, Tau phosphorylation was increased by e-vapour exposure alone and HFD consumption 306 

alone, as expected, which seems not to be consistent withAt the specific hippocampal regional level, 307 

our data indicate active apoptotic mechanisms given the overall HFD effect to increase Caspase-3 and 308 

TUNEL present due to HFD in the CA1 region and, while that for the effect of nicotine-containing e-309 

vapour exposurewas only apparent in chow-fed mice in CA3 regions. The changes in p-Tau in 310 

Chow+e-cig18m and Chow+e-cig0 mice correlates with their cognitive change, however not in HFD-311 

fed miceThis was partly mirrored by the NeuN counts within these regions. Our attention was given to 312 
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CA1 and CA3, because CA1 plays a role in consolidating memories of different events (Daumas et al., 313 

2005), whereas CA3 plays a role in the rapid encoding of spatial information related to different objects 314 

and pattern separation, namely episodic memory processing (Rolls, 2013). A similar mismatch was 315 

also observed between the number of apoptotic cells and NeuN counts in the hippocampus, and 316 

cognitive behavior. In the whole brain, overall NeuN was reduced by HFD consumption but not e-317 

vapour exposure, which may be related to regions involed in energy homeostasis instead of 318 

neurocognition. Overall,Thus, our data infers that HFD affects memory consolidation, while nicotine-319 

containing e-vapour affects the rapid encoding of spatial information related to different objects and in 320 

spatial pattern separation but only in chow mice, perhaps due to the potent effect of HFD alone on 321 

Caspase-3 in CA3 region. In the whole brain, overall NeuN was reduced by HFD consumption but not 322 

e-vapour exposure, which may be related to regions involved in energy homeostasis instead of 323 

neurocognition. Future studies will need to adopt different behavioural tests and methods to examine 324 

neural integritythese separate memory pathways in such a model.  325 

While the industry claims the ingredients within the e-fluids are safe, heat can break down compounds 326 

in the e-fluids to produce toxins. In addition to the nicotine, e-fluids contain flavourings and solvents 327 

(propylene glycol and vegetable glycerin). Heated e-cigarette fluids produced inflammatory responses 328 

in the airway of mice even at a low dose which is also nicotine independent (Chen et al., 2018a), 329 

suggesting the solvent and flavouringflavourings may be toxic when superheated during vaping, 330 

inducing inflammatory responses (Behar et al., 2014; Lerner et al., 2015). Indeed in this study, serum 331 

pro-inflammatory cytokines were increased in chow-fed mice exposed to e-vapour, especially in the 332 

nicotine-free group. However, when HFD and e-vapour exposure were combined, there was no additive 333 

effect, suggesting e-vapour exposure may dominate the systemic inflammatory response. Furthermore, 334 

systemic inflammation did not correlate with brain inflammation in this study, evident by the lack of 335 

change for IL-1β and microglia. This was unexpected, given several studies reporting the neurotoxic 336 

effects due to direct exposure (reviewed (Ruszkiewicz et al., 2020). Yet, those studies found this to be 337 

brain region-specific, so it remains to be determined at the cellular level whether that is also true for 338 

our model. Moreover, consideration of lung-derived inflammatory mediators which are likely to in-339 

part drive some of the changes we have seen, should be made and are currently being investigated to 340 

help tease out the effects. 341 

Each puff of heated e-cigarette liquids regardless of nicotine concentration contains 1011 free radicals 342 

(Sussan et al., 2015), and this oxidative challenge results in oxidative stress both in vitro and in vivo, 343 

and even in utero (Barrington-Trimis and Leventhal, 2018; Chen et al., 2018a; Ganapathy et al., 2017; 344 

Muthumalage et al., 2018; Ruszkiewicz et al., 2020). However, in this study, e-vapour exposure seems 345 

to induce marginal oxidative stress in the brain, which may be related to the relatively low dose of 346 

exposure adopted. Higher doses may yield a stronger oxidative response in the brain.  347 

There are inevitably limitations in this study. Firstly, we did not use an obese prone mouse strain, but 348 

one prone to the impact of smoking, which may affect the development of memory deficit in mice with 349 

HFD-feeding only. In addition, we only used the novel objective recognition test as the initial screening 350 

test due to its high sensitivity to early memory function decline. Other cognitive tests such as Morris 351 

Water maze and T maze need to be assessed in future studies on the impact of e-cigarette.    352 

 353 

Conclusion  354 

E-vapour exposure impairs short term memory retention function in mice and appears to be 355 

independent of the presence of nicotine. Different mechanisms are involved in differenttdifferent 356 

dietary conditions leading to the same cognitive dysfunction, essentially being that e-vapour exposure 357 

involves systemic inflammation, reduced synaptic activity and increased astrogliosis in chow-fed mice, 358 
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but for HFD-fed mice, this is via decreased gliosis and increased microglia. 359 
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Table 1. Bodyweight, fat mass, and plasma cotinine level in the mice at 16 weeks 

 Chow+sham Chow+e-cig18 Chow+e-cig0 HFD+sham HFD+e-cig18 HFD+e-cig0 

Body weight at week 0 

(g) 
20.1± 0.3 20.1±0.3 20.3±0.3 20.0±0.3 20.2±0.6 20.3±0.4 

Body weight at week 16 

(g) 

27.4±0.2 25.3±0.5** 25.6±0.4* 29.1±0.6* 28.7±0.8 †† 27.4±0.6‡ #  

Fat mass (g) 0.18±0.02 0.10±0.03 0.13±0.02 0.40±0.07** 0.31±0.06†† 0.20±0.01## 

Fat % 0.67±0.87 0.41±0.10 0.53±0.08 1.36±0.20** 1.05±0.17†† 0.75±0.05## 

Serum cotinine (ng/ml) 

ϕ 

4.21±0.26 16.26 ± 1.82** 4.44 ± 0.56†† 4.04 ± 0.47 15.74 ± 1.84## 3.39 ± 0.65δδ 

Serum IL-1β (pg/ml) ϕ 1358 ± 150 2566 ± 743 3565 ± 248* 2869 ± 539 2388 ± 596  3395 ± 824 

Serum TNFα (pg/ml) ϕ 401 ± 53 827 ± 295 1145 ± 193* 1009 ± 204* 729 ± 226 892 ±183  

The results are expressed as mean ± SEM, n = 10 (ϕ n = 5-7), * P<0.05, ** P<0.01 vs Chow+Sham, # P<0.05, ##P<0.01 

vs HFD+Sham, †† P<0.01 vs Chow+e-cig18mg, ‡ P<0.05 vs Chow+e-cig0, δδ P < 0.01 vs HFD+e-cig18mg. 

546 Formatted: English (Australia)



Figure legends 547 

Figure 1. Treatment timeline and grouping. The population was divided into normal chow or High Fat 548 

Diet. The three conditions were ambient air (control/sham), E-vapour + nicotine (vehicle + nicotine), 549 

and the E-vapour exclusively (vehicle itself). 550 

Figure 2. Novel Object Recognition test result (a, n=10), phosphorylated (p)-Tau protein levels (b, 551 

n=6), protein levels of NeuN (c), Iba-1 (d) and GFAP (e) in the whole brain. The results are expressed 552 

as mean ± SEM, n = 5-6. * P<0.05, ** P<0.01 vs Chow-Sham, # P<0.05 vs HFD-Sham. Representative 553 

western blotting bands are from the same gel and the groups are divided by solid lines in line with the 554 

bar figure.  555 

Figure 3. NeuN positive cell counts in the CA1 (a) and CA3 regions (b), percentage of neurons 556 

expressing apoptosis markers, TUNEL and Caspase-3 positive counts in the CA1 (c,e) and (d,f) of the 557 

hippocampus. Representative images of groups with significant change (g). The results are expressed 558 

as mean ± SEM, n = 5.  559 

Figure 4. Protein levels of the endogenous antioxidant manganese superoxide dismutase (MnSOD, a) 560 

and synaptic plasticity markers, postsynaptic density protein (PSD)-95 (b) and Synapsin (c). The results 561 

are expressed as mean ± SEM, n =6. **P<0.01 vs Chow-Sham. Representative western blotting bands 562 

are from the same gel and the groups are divided by solid lines in line with the bar figure.   563 

Figure 5. Protein levels of insulin signaling elements, (a) phosphorylated (p)-5' AMP-activated protein 564 

kinase (AMPK), total AMPK, and the ratio between p-AMPK and total AMPK, (b) p-protein kinase B 565 

(Akt), total Akt, and the ratio between p-Akt/Akt, and (c) Glycogen Synthase Kinase-3 (GSK). The 566 

results are expressed as mean ± SEM, n =  6. * P< 0.05 vs Chow-Sham, #P< 0.05, ## P<0.01 vs HFD-567 

Sham. Representative western blotting bands are from the same gel and the groups are divided by solid 568 

lines in line with the bar figure. 569 

 570 
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Hui Chen1, Baoming Wang1,2, Gerard Li1, Joel R Steele1, Sandy Stayte4, Bryce Vissel4, Yik Lung 1 

Chan1,2, Chenju Yi5*, Sonia Saad6, Rita Machaalani3, Brian G Oliver1,2* 2 

1. School of Life Sciences, Faculty of Science, University of Technology Sydney, NSW 2007, 3 

Australia 4 
2. Respiratory Cellular and Molecular Biology, Woolcock Institute of Medical Research, NSW 2037, 5 

Australia 6 
3. SIDS and Sleep Apnea Laboratory, Sydney Medical School (Central), University of Sydney, NSW 7 

2006, Australia 8 
4. Centre for Neuroscience and Regenerative Medicine, Faculty of Science, University of Technology 9 

Sydney, NSW; St Vincent's Centre for Applied Medical Research, St Vincent's Health Network 10 

Sydney, NSW 2010, Australia 11 
5. Seventh Affiliated Hospital of Sun Yat-sen University, Shenzhen, 518107, China;  12 
6. Kolling Institute of Medical Research, Royal North Shore Hospital, University of Sydney, New 13 

South Wales 2065, Australia 14 

* Correspondence:  15 
Professor Brian G Oliver Brian.oliver@uts.edu.au 16 

Professor Chenju Yi yichj@mail.sysu.edu.cn  17 

Keywords: e-cigarette, nicotine, memory, synapse, neuron, glia 18 

 19 

Abstract 20 

Tobacco smoking and high-fat diet (HFD) independently impair short-term memory. E-cigarettes 21 

produce e-vapour containing flavourings and nicotine. Here, we investigated whether e-vapour 22 

inhalation interacts with HFD to affect short-term memory and neural integrity. Balb/c mice (7 weeks, 23 

male) were fed a HFD (43% fat, 20kJ/g) for 16 weeks. In the last 6 weeks, half of the mice were 24 

exposed to tobacco-flavoured e-vapour from nicotine-containing (18mg/L) or nicotine-free (0mg/L)) 25 

e-fluids twice daily. Short-term memory function was measured in week 15. HFD alone did not impair 26 

memory function, but increased brain phosphorylated (p)-Tau and astrogliosis marker, while neuron 27 

and microglia levels were decreased. E-vapour exposure significantly impaired short-term memory 28 

function independent of diet and nicotine. Nicotine free e-vapour induced greater changes compared 29 

to the nicotine e-vapour and included, increased systemic cytokines, increased brain p-Tau and 30 

decreased postsynaptic density protein (PSD)-95 levels in chow-fed mice, and decreased astrogliosis 31 

marker, increased microglia and increased glycogen synthase kinase levels in HFD-fed mice. Increased 32 

hippocampal apoptosis was also differentially observed in chow and HFD mice. In conclusion, E-33 

vapour exposure impaired short-term memory independent of diet and nicotine, and was correlated to 34 

increased systemic inflammation, reduced PSD-95 level and increased astrogliosis in chow-fed mice, 35 

but decreased gliosis and increased microglia in HFD-fed mice, indicating the inflammatory nature of 36 

e-vapour leading to short term memory. 37 

Manuscript File
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Introduction  38 

Tobacco smoking remains the leading cause of preventable death and disability worldwide. E-39 

cigarettes (electronic nicotine delivery devices) are controversial, being marketed as quit-smoking aids 40 

despite many users having never smoked conventional cigarettes (Knight-West and Bullen, 2016; 41 

Layden et al., 2019). E-cigarettes are popular amongst younger people, partially as a gadget and as a 42 

‘safe cigarette’ due to fewer toxicants produced compared with conventional tobacco cigarettes (Li et 43 

al., 2018; Ruszkiewicz et al., 2020).  44 

Tobacco smoking is well-known to affect cognitive function, especially short-term memory (Sabia et 45 

al., 2012). Synaptic plasticity plays a key role in memory formation during learning, although whether 46 

the memory is stored in the synapse is unclear (Martin et al., 2000). Nicotine may affect memory 47 

retention by altering presynaptic neurotransmitter release and synaptic potentiation (Sabia et al., 2012). 48 

Human research on e-vaping is still lacking, given the short appearance of this product on the market 49 

and its potential to cause permanent cognitive impacts during neuronal development. Interestingly, 50 

recent publications on the influence of e-vaping on neurocognitive function in animal models focus on 51 

in utero exposure, which is critical for early life neural development (Ruszkiewicz et al., 2020). These 52 

studies on direct exposure focus on neurotoxic effects and lung injury (Ruszkiewicz et al., 2020). While 53 

in utero exposure can impair short-term memory function (Church et al., 2020; Nguyen et al., 2018), 54 

it is unknown whether direct long-term inhalation of e-vapour can influence memory function.    55 

Obesity/overweight is a global health issue, affecting 39% of the population worldwide in 2016, with 56 

morbidity continuing to increase (WHO, 2018). Obesity is a low grade inflammatory disease, due to 57 

the recruitment and accumulation of tissue macrophages in response to lipid influx in metabolic tissues 58 

(Lumeng et al., 2008). High-fat diet (HFD) consumption is well-known to cause insulin resistance 59 

leading to the development of type 2 diabetes. Such insulin resistance does not just occur in the glucose 60 

metabolic organs, but also in the brain, where glucose uptake is normally insulin-independent (Arnold 61 

et al., 2014). This phenomenon correlates with spatial memory change and reduced synaptic plasticity 62 

(Arnold et al., 2014). However, it is not known if smoking accelerates the cognitive functional decline 63 

associated with obesity. Body mass index (BMI) positively correlates with e-cigarette use (Lanza et 64 

al., 2017), making it essential to investigate their combined impacts.  65 

As shown by us and others, in mice exposed directly or in utero to e-vapour, some of the adverse effects 66 

are nicotine independent (Chen et al., 2018a; Chen et al., 2018b; Church et al., 2020; Li et al., 2019). 67 

This may be because the heated solvent (mainly lipid-based) produces neurotoxic chemicals 68 

(Ruszkiewicz et al., 2020). Of the thousands of e-cigarette flavours aiming to attract younger users, 69 

several are toxic after heating (Farsalinos et al., 2013; Kosmider et al., 2016; Lee et al., 2019). Despite 70 

the variety of flavours, tobacco-flavoured e-fluids are the most popular option. In Australia, nicotine-71 

containing e-fluids are banned from sale. Therefore, using our well-established mouse models of e-72 

vapour exposure and HFD consumption (Chen et al., 2007; Chen et al., 2018a), we used tobacco 73 

flavoured e-fluids with and without nicotine, aiming to investigate how e-vapour exposure alone affects 74 

brain markers related to cognition and in the presence of long-term HFD consumption. We examined 75 

the independent and combined effects of these two risk factors- representing an inhaled (e-vapour) 76 

versus an ingested (HFD) form of lipids on memory behaviour, cell integrity, brain cell levels, synaptic 77 

protein markers, brain insulin signaling, inflammation, apoptosis, and oxidative stress responses.  78 

 79 

Materials and Methods  80 

Animal experiments  81 
All animal experiments were approved by the Animal Ethics and Care Committee at Northern Sydney 82 

Health District (RESP17/93) and all experiments were performed according to the Australian National 83 
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Health & Medical Research Council Guide for the Care and Use of Laboratory Animals. Male Balb/c 84 

mice (7 weeks) were housed at standard conditions (room temperature 20±2°C with a 12h light, 12h 85 

dark cycle, ad libitum access to standard rodent chow and water). Balb/c mice were used due to their 86 

susceptibility to the influence of cigarette smoke exposure.  87 

Half of the mice were fed a HFD (43% fat, 20kJ/g, Specialty Feeds, WA, Australia) for 10 weeks to 88 

induce obesity with the other half fed standard chow as control (14% fat, 14kJ/g, Gordon’s Specialty 89 

Stockfeeds, NSW, Australia). From weeks 11-16, two sub-groups of mice (n=10) in each dietary group 90 

were exposed to nicotine-containing e-vapour (18mg/mL (regular strength) nicotine, tobacco flavor, 91 

50% Propylene Glycol (PG)/50%Vegetable Glycerin (VG), Vaper Empire, VIC) or nicotine-free e-92 

vapour (0mg/mL, tobacco flavour, 50% PG/50% VG, Vaper Empire, VIC) for 30 minutes, twice daily 93 

in a 19L chamber as we have previously published (Chen et al., 2018a); while the same diets were 94 

maintained. E-vapour was generated from a 3rd generation e-cigarette device (KangerTech NEBOX, 95 

KangerTech, Shenzen, China). The amount of nicotine produced by the nicotine-containing e-fluid is 96 

equivalent to 2 cigarettes (2.4 mg nicotine) per exposure, adopted from our previous model 97 

representing light smokers (Chan et al., 2016; Vivekanandarajah et al., 2016). The treatment chart is 98 

illustrated in Figure 1. 99 

At the endpoint, the mice were weighed and deeply anaesthetised with isoflurane (2%) before cardiac 100 

puncture for blood collection. The left hemisphere of the brain was snap-frozen and kept at -80°C, and 101 

the right hemisphere was fixed in formalin. Retroperitoneal fat pads were dissected and weighed to 102 

evaluate adiposity. Cotinine level was measured using a commercial ELISA kit (Abnova, Taipei, 103 

Taiwan) as per the manufacturer’s instructions. Serum proinflammatory cytokines IL-1β and TNFα 104 

were measured by a Bio-Plex Pro™ Mouse Chemokine Panel 33-Plex kit (Bio-Rad, CA, USA) 105 

according to the manufacturer's instruction. 106 

Behavioural test 107 
The novel objective recognition (NOR) test was used to evaluate short term memory retention. At week 108 

15 of the experiment, mice were placed in a dark-coloured box containing two identical square blocks 109 

for familiarisation and test phases (5-minute sessions, 1-hour interval), as we have published (Chen et 110 

al., 2016). During the test phase, one of the objects was replaced with a triangular shaped object. The 111 

results represent the percentage of the total time spent with the new object out of the total time spent 112 

with both objects, as previously published (Quinn et al., 2008; Thanos et al., 2015). It is the nature of 113 

a mouse to explore a novel object; thus spending a similar amount of time with each object (old and 114 

new) is a sign of impaired short term memory.  115 

Western Blotting 116 
Western blotting was performed for markers of neural integrity (phosphorylated (p)-Tau), 117 

inflammation (IL-1β), oxidative stress (manganese superoxide dismutase (MnSOD), and insulin 118 

signaling elements (phosphorylated and total 5' AMP-activated protein kinase (AMPK), Protein kinase 119 

B (Akt), and Glycogen synthase kinase 3 (GSK)). We also measured the number of neurons (via 120 

Neuronal Nuclei, NeuN), glia (Glial fibrillary acidic protein, GFAP), and microglia (Ionized calcium-121 

binding adaptor protein-1, Iba-1). The left hemisphere of the brain (excluding the cerebellum and 122 

brainstem) was homogenised using cell lysis buffers for the whole protein. Protein samples (40µg) 123 

were separated on NuPage® Novex® 4-12% Bis-Tris gels (Life Technologies, CA, USA) and then 124 

transferred to PVDF membranes (Rockford, IL, USA), which were blocked with nonfat milk powder 125 

and incubated with the primary antibodies IL-1β (1:2,000; Cat #NBP1-19775, NOVUS), AMPK 126 

(1:1000; Cat #5831, Cell Signaling Technology), p-AMPK (1:1000; Cat #50081, Cell Signaling 127 

Technology), Akt (1:1000; Cat #4685 Cell Signaling Technology), p-Akt (1:1000; Cat #13038, Cell 128 

Signaling Technology), GSK (1:1000; 12456, Cell Signaling Technology), MnSOD (1:2000; Cat 129 

#2651886MERCK), PSD-95 (1:1000; Cat #3409S, Cell Signaling Technology), Synapsin (1:1000; Cat 130 
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#5297S, Cell Signaling Technology), NeuN (1:2000; Cat #MAB377, MilliporeSigma), GFAP (1:1000; 131 

Cat #Z0334, Dako), Iba-1 (1:2500; Cat # 019-19741 Wako Chemicals) overnight and then secondary 132 

antibodies (goat anti-rabbit (cat #STAR124P, BIO-RAD)  or rabbit anti-mouse; (Cat #ab 6789, Abcam) 133 

IgG horseradish peroxidase-conjugated secondary antibodies, Santa Cruz Biotechnology, Texas, USA) 134 

for 1 hour. Protein expression was detected by SuperSignal West Pico Chemiluminescent substrate 135 

(Thermo, MA, USA) by exposure of the membrane in Chemidoc MP (Bio-Rad, California, USA). 136 

Protein band density measured using ImageJ software (National Institute of Health, Bethesda, 137 

Maryland, USA) with the results expressed as a ratio of the individual marker intensity relative to β-138 

actin (1:1000, Cat #AHP2417, Bio-Rad) band intensity. 139 

Immunostaining 140 
For neuron staining, frozen brain hemispheres were sectioned for the hippocampus, and the slides were 141 

incubated with mouse monoclonal neuronal nuclei (NeuN 1:500, MAB377, Merck Millipore, 142 

Australia) antibody for 72h at 4C followed by biotin-labelled secondary antibody (ab6813, Abcam, 143 

UK) overnight at 4C. All sections were then incubated in avidin-biotin complex (Vector Laboratories) 144 

at room temperature 1 hr before NeuN immunolabelling detected with 3,3’-Diaminobenzidine (DAB, 145 

Abacus) until desired staining levels achieved. Sections were mounted and coverslipped with 50% 146 

glycerol solution (Sigma-Aldrich, MS, USA). Quantification of NeuN-labelled cells was performed 147 

using the optical fractionator method (Zeiss Axio Scan.Z1, Zeiss, Germany) and the use of Stereo 148 

Investigator 7 software (MBF Bioscience). Every 6th section was quantified, with a total of five sections 149 

sampled per animal. For estimations of NeuN positive populations a counting frame of 40m x 40m 150 

and a grid size of 84m x 60m was used in conjunction with a guard zone height of 5m and dissector 151 

height of 10m. The coefficient of error attributable to the sampling was calculated according to 152 

Gundersen and Jensen (Gundersen and Jensen, 1987) with errors 0.10 regarded as acceptable.  153 

Formalin fixed paraffin embedded hippocampal tissue sections, 100 µm apart for each case (n=5 per 154 

group), were stained for apoptosis (active caspase-3) and cell death (Terminal deoxynucleotidyl 155 

transferase end labelling method; TUNEL) following our previously described methods (Chan et al., 156 

2017a; Chan et al., 2017b). In brief, sections were deparaffinised in xylene, hydrated by being taken 157 

through decreased gradient ethanol concentrations to distilled water. They were then antigen retrieved 158 

by microwaving followed by cooling and proceeded with active Caspase-3 or TUNEL staining. For 159 

active caspase-3, sections were incubated with the antibody (1:300, 559565, BD Biosciences, 160 

Australia) overnight, followed by the secondary antibody (horse anti-rabbit HRP, 1:200, Vector 161 

Laboratories, USA), avidin–biotin complex (ABC) (VEPH4000, Vector Laboratories Inc., California, 162 

USA) and then colour developed using the diaminobenzidine (DAB) chromogen (K346811, Dako). 163 

For TUNEL, this was via the ApopTag®Peroxidase kit (S7100, Merck Millipore, Victoria). Sections 164 

were briefly incubated with 50µl of equilibration buffer and then terminal deoxynucleotidyl transferase 165 

(tdt; 1:4 with reaction buffer) was added to each section, coverslipped and incubated for 1 hour at 37oC. 166 

Negative controls were incubated with water instead of Tdt. The reaction was stopped by incubating 167 

the sections in stopwash buffer. Anti-Digoxigenin-Peroxidase was added, followed by colour 168 

development in DAB. All sections were counterstained in haematoxylin, dehydrated through 169 

increasing concentrations of ethanol and coverslipped in DPX. Quantification was performed for the 170 

dorsal hippocampus with reference to the brain atlas by Paxinos and Franklin (Franklin and Paxinos, 171 

2019) ensuring only sections that spanned -1.34 to -2.3mm relative to bregma were quantified given it 172 

was along this stretch that the 3 CA regions (CA1-3) were present. Only the CA1 and CA3 regions 173 

were quantified given their role in memory (Dimsdale-Zucker et al., 2018; Farovik et al., 2010). 174 

Sections were scanned (Zeiss Axio Scan.Z1, Zeiss, Germany) and quantified using the NDP.view2 175 

program (Hamamatsu Photonics), as a percentage of positive staining (% positive).  176 

Statistical method 177 
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The results are expressed as mean ± standard error of the mean (SEM) and analysed by two-way 178 

ANOVA followed by Fisher’s least significant difference (LSD) post hoc tests (GraphPad Prism 8.3, 179 

GraphPad, CA, USA). P< 0.05 was considered statistically significant. 180 

 181 

Results  182 

Body weight and adiposity 183 

Plasma cotinine levels reflect the level of nicotine exposure. Sham exposed mice and nicotine-free e-184 

vapour exposed mice had similar cotinine levels regardless of diet (Table 1), similar to our previous 185 

observations (Chan et al., 2016; Vivekanandarajah et al., 2016). Nicotine-containing e-vapour exposed 186 

mice had nearly 4 times the cotinine levels in their blood (P<0.01 vs other groups fed the same diet, 187 

Table 1).  188 

At week 0, all groups started at a similar body weight (Table 1). HFD consumption induced significant 189 

weight gain in the HFD+sham mice (P<0.05 vs Chow+sham, Table 1), with more than doubled fat 190 

mass (P<0.01 vs Chow+sham for both net fat mass and standardised by body weight).  In chow-fed 191 

mice, e-vapour exposure reduced body weight regardless of nicotine, while in HFD-fed mice, this is 192 

only obvious in mice exposed to nicotine-free e-vapour (P<0.05, HFD+e-cig0 vs HFD+sham) with 193 

smaller fat pads (P<0.01 HFD+e-cig0 vs HFD+sham for both net fat mass and as a percentage of body 194 

weight, Table 1). 195 

Short term memory 196 

HFD consumption itself did not affect the ability to recognise a new object; however, e-vapour 197 

exposure impaired recognition. In chow-fed mice, both Chow+e-cig18 and Chow+e-cig0 groups spent 198 

less time on the new object compared with the Chow+sham group (P<0.05, 0.01 respectively, Figure 199 

2a). In the HFD mice, a similar effect of e-vapour exposure was observed albeit without statistical 200 

significance (P=0.06 HFD+e-cig18 vs HFD+Sham, P= 0.07 HFD+e-cig0 vs HFD+Sham, Figure 2a).  201 

Neural integrity markers and cell type levels in the whole brain 202 

In non-genetically modified mice, p-Tau can be detected in degenerated neurons (Baker and Götz, 203 

2016). HFD consumption significantly increased p-Tau level (P<0.05 HFD+sham vs Chow+sham, 204 

Figure 2b). In chow-fed mice, the protein level of p-Tau was nearly doubled by e-vapour exposure 205 

regardless of nicotine but did not reach statistical significance (P=0.054 Chow+e-cig18 vs 206 

Chow+sham, P=0.08 Chow+e-cig0 vs Chow+sham, Figure 2b). In HFD mice, additional e-vapour 207 

exposure did not have a significant impact on p-Tau levels. 208 

The number of neurons was semi-quantitatively assessed by NeuN which produced 2 protein bands at 209 

46kDa and 48kDa. Based on the literature, the 46kDA predominates in the nucleus and 48kDA 210 

predominates in the cytoplasm of neurons (Maxeiner et al., 2014). We found HFD decreased overall 211 

NeuN protein levels (P<0.01 HFD effect for both 46 kDa and 48 kDa, Figure 2e), while nicotine-212 

containing e-vapour only reduced 46kDa- NeuN in chow-fed mice (P<0.05 Chow+e-cig18 vs 213 

Chow+Sham, Figure 2c). Microglial marker Iba-1 was reduced in HFD-fed mice (P<0.05 HFD+sham 214 

vs Choow+sham, Figure 2d), but was increased by exposure to e-vapour (P<0.05 HFD+e-cg0 vs 215 

HFD+sham, Figure 2d). Astrocyte marker GFAP was increased by by nicotine-free e-vapour exposure 216 

alone (P<0.01 Chow+e-cig0 vs Chow+sham, Figure 2e) and HFD consumption (P=0.052 HFD+sham 217 

vs Chow+sham, Figure 2e), but was decreased by additional e-vapour exposure in the HFD groups 218 

(P<0.05 HFD+e-cig18 vs HFD+Sham, P< 0.01 HFD+e-cig0 vs HFD+Sham, Figure 2e).  219 

Hippocampus specific neuronal and apoptosis markers 220 

At the specific hippocampal level focusing on CA1 and CA3 pyramidal layers, NeuN staining was 221 
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significantly reduced in the CA1 of Chow+e-cig0 and HFD+e-cig18 groups compared with sham-222 

exposed mice fed the same diet (P<0.05 Chow+e-cig0 vs Chow+sham, P<0.05 HFD+e-cig18 vs 223 

HFD+sham, Figure 3a), while no significant difference was found in CA3 region (Figure 3b).  224 

For the apoptosis markers, in the CA1 region, TUNEL was increased due to HFD in the e-vapour 225 

groups (P<0.05, overall diet effect, Figure 3c), while in the CA3 region, TUNEL positive cells were 226 

increased in the Chow+e-cig18 group (P<0.05 vs Chow+sham, Figure 3d) and HFD+e-cig0 group 227 

(P<0.05 vs Chow+e-cig0, Figure 3d). For active Caspase-3, no statistically significant changes were 228 

evident except for an overall increase in the CA1 region was evident in the HFD groups compared to 229 

their chow counterparts (P< 0.05 overall HFD effect, Figure 3e).  230 

Inflammation and oxidative stress in the whole brain 231 

In the serum, HFD consumption doubled the amount of the pro-inflammatory cytokine IL-1β (P=0.08 232 

vs Chow+sham, Table 1) and increased TNFα level by 2.5 times (P<0.05 vs Chow+sham, Table 1). In 233 

Chow-fed mice, exposure to nicotine e-vapour doubled serum IL-1β and TNFα levels albeit without 234 

statistical significance, whereas exposure to nicotine-free e-vapour led to significantly increased IL-1β 235 

and TNFα (both P<0.05 vs Chow+sham, Table 1), which was not observed in HFD-fed mice. However, 236 

there was no such change in brain IL-1β protein level (data not shown) and TNFα protein was not 237 

measurable. The endogenous antioxidant MnSOD level can reflect the oxidative stress level. In the 238 

brain, MnSOD level was marginally lower in e-vapour exposed mice consuming chow diet, however 239 

neither HFD consumption nor e-vapour exposure significantly changed MnSOD level (Figure 4a).  240 

Synaptic protein markers in the whole brain 241 

HFD alone did not significantly change the postsynaptic density protein PSD-95 level, while e-vapour 242 

exposure significantly reduced the PSD-95 protein level in chow-fed mice (P<0.01, Chow+e-cig18 and 243 

Chow+e-cig0 vs Chow+sham, Figure 3b). However, no significant impact of e-vapour was found in 244 

HFD-fed mice (Figure 4b). Neither HFD consumption nor e-vapour exposure affected the Synapsin 245 

level (Figure 4c). 246 

Insulin signaling pathway markers in the whole brain 247 

Neither HFD nor e-vapour exposure changed p-AMPK and total AMPK levels (Figure 5a). There was 248 

a significant increase in the ratio of p-AMPK/total AMPK in HFD+e-cig0 mice compared to 249 

HFD+sham group (P<0.05, Figure 5a). While p-Akt was not significantly changed by either HFD or 250 

e-vapour, total Akt was significantly reduced in Chow+e-cig0 and HFD+Sham groups (both P<0.05 251 

vs Chow+Sham, Figure 5b). The ratio of p-Akt/total Akt was significantly increased in Chow+e-cig0 252 

and HFD+Sham groups due to the reduced total level (P<0.05 vs Chow+Sham, Figure 5b). GSK level 253 

was significantly increased by e-vapour exposure among the HFD mice regardless of nicotine level 254 

(P< 0.01, HFD+e-cig18, HFD+e-cig0 vs HFD+Sham, Figure 5c). 255 

 256 

Discussion  257 

In this study, we examined the effects of two types of lipids, inhaled via e-vapour exposure and ingested 258 

via HFD feeding. The major finding is that e-vapour exposure impaired short-term memory function, 259 

independent of both diet and nicotine. However, there was no clear pattern of how HFD consumption 260 

and e-vapour exposure regulate neurodegenerative and apoptotic markers. Although synaptic plasticity 261 

seems to correlate to the functional memory decline in chow-fed mice and altered gliosis to the memory 262 

decline in HFD-fed mice, we did not see strong evidence of the influence of nicotine.   263 

In our model, synaptic change may contribute to cognitive impairment. PSD-95 is a structural protein 264 

critical to maintaining the excitatory postsynaptic density PSD and synaptic function (Chen et al., 265 
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2011). Nicotine has been shown to slow down PSD-95 degradation after short-term treatment and it is 266 

considered to protect synapses, especially in the setting of dementia (Inestrosa et al., 2013; Rezvani et 267 

al., 2007). In fact, smoking can exacerbate the development of Alzheimer's disease, suggesting 268 

chemicals other than nicotine could be the major player (Moreno-Gonzalez et al., 2013). This theory 269 

is well presented in our mice exposed to e-vapour, whose short-term memory was impaired in the 270 

presence of reduced PSD-95 level. HFD consumption, on the other hand, was linked to reduced PSD-271 

95 without affecting other synaptic markers in mice (Arnold et al., 2014). Here, long-term HFD 272 

consumption alone did not change PSD-95 level, in line with normal memory performance. The 273 

Synapsin level was unaffected in our model. Nevertheless, e-vapour exposure and HFD does not seem 274 

to interact regarding their influence on the synaptic marker and memory in our model. 275 

The memory impairment in HFD-fed mice seems to be driven by altered gliosis and involves the GSK 276 

insulin signalling pathway. Recently, astrocytes have been closely related to learning and memory 277 

function (Alberini et al., 2018; Kol et al., 2020; Moraga-Amaro et al., 2014), while microglia play an 278 

important role in obesity-related cognitive decline before metabolic disorders are developed (Cope et 279 

al., 2018). Here, we saw in the whole brain, an increase in GFAP as an astrogliosis marker and a 280 

decrease in Iba-1 as a microglia marker in HFD-fed mice, which may be an adaptive response to 281 

preserve their short-term memory function. The decrease in whole-brain microglia number is consistent 282 

with a previous study (Milanova et al., 2019) yet opposite to the literature where increased Iba-1 was 283 

observed in the hypothalamus regions (Baufeld et al., 2016; Huang et al., 2019). This may be due to 284 

the involvement of the hypothalamus in energy homeostatic regulation in response to HFD feeding. 285 

Nevertheless, additional e-vapour exposure impaired such adaptation to decrease GFAP reflecting 286 

astrogliosis and increase microglia in HFD-fed mice, which correlate with their declined memory 287 

function.  288 

Human studies have linked type 2 diabetes to the development of dementia, especially in those without 289 

familial history (Yarchoan and Arnold, 2014). While blood glucose has been suggested to be the 290 

independent factor even without the diagnosis of diabetes, the underlying connection has been 291 

suggested to be insulin resistance in the brain, or reduced insulin signaling activity (de Matos et al., 292 

2018; Sandoval and Sisley, 2015; Yarchoan and Arnold, 2014). Insulin resistance is due to increased 293 

Akt phosphorylation activated by AMPK, which can no longer suppress GSK (de Matos et al., 2018; 294 

Yarchoan and Arnold, 2014). The latter induces Tau hyperphosphorylation and β-amyloid 295 

accumulation leading to neurodegeneration (de Matos et al., 2018; Yarchoan and Arnold, 2014). 296 

Smoking has also been shown to interrupt brain insulin signaling, possibly through inducing AMPK 297 

(Deochand et al., 2016; Martínez de Morentin et al., 2012). However, it is unknown how smoking and 298 

type 2 diabetes interact during the development of dementia. In non-genetically modified mice, it is 299 

observed that β-amyloid accumulation was not occurring despite Tau still being hyperphosphorylated 300 

(Baker and Götz, 2016). In this study, HFD consumption and e-vapour exposure differentially affected 301 

each element of the AMPK-Akt-GSK-Tau pathway, with no distinct pattern, suggesting other unknown 302 

pathways involved.  303 

At the specific hippocampal regional level, our data indicate active apoptotic mechanisms present due 304 

to HFD in the CA1 region, while that for the effect of nicotine-containing e-vapour was only apparent 305 

in chow-fed mice in CA3 regions. This was partly mirrored by the NeuN counts within these regions. 306 

Our attention was given to CA1 and CA3, because CA1 plays a role in consolidating memories of 307 

different events (Daumas et al., 2005), whereas CA3 plays a role in the rapid encoding of spatial 308 

information related to different objects and pattern separation, namely episodic memory processing 309 

(Rolls, 2013). Thus, our data infers that HFD affects memory consolidation, while nicotine-containing 310 

e-vapour affects the rapid encoding of spatial information related to different objects and in spatial 311 

pattern separation but only in chow mice, perhaps due to the potent effect of HFD alone on Caspase-3 312 
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in CA3 region. In the whole brain, overall NeuN was reduced by HFD consumption but not e-vapour 313 

exposure, which may be related to regions involved in energy homeostasis instead of neurocognition. 314 

Future studies will need to adopt different behavioural tests and methods to examine these separate 315 

memory pathways in such a model.  316 

While the industry claims the ingredients within the e-fluids are safe, heat can break down compounds 317 

in the e-fluids to produce toxins. In addition to the nicotine, e-fluids contain flavourings and solvents 318 

(propylene glycol and vegetable glycerin). Heated e-cigarette fluids produced inflammatory responses 319 

in the airway of mice even at a low dose which is also nicotine independent (Chen et al., 2018a), 320 

suggesting the solvent and flavourings may be toxic when superheated during vaping, inducing 321 

inflammatory responses (Behar et al., 2014; Lerner et al., 2015). Indeed in this study, serum pro-322 

inflammatory cytokines were increased in chow-fed mice exposed to e-vapour, especially in the 323 

nicotine-free group. However, when HFD and e-vapour exposure were combined, there was no additive 324 

effect, suggesting e-vapour exposure may dominate the systemic inflammatory response. Furthermore, 325 

systemic inflammation did not correlate with brain inflammation in this study, evident by the lack of 326 

change for IL-1β and microglia. This was unexpected, given several studies reporting the neurotoxic 327 

effects due to direct exposure (reviewed (Ruszkiewicz et al., 2020). Yet, those studies found this to be 328 

brain region-specific, so it remains to be determined at the cellular level whether that is also true for 329 

our model. Moreover, consideration of lung-derived inflammatory mediators which are likely to in-330 

part drive some of the changes we have seen, should be made and are currently being investigated to 331 

help tease out the effects. 332 

Each puff of heated e-cigarette liquids regardless of nicotine concentration contains 1011 free radicals 333 

(Sussan et al., 2015), and this oxidative challenge results in oxidative stress both in vitro and in vivo, 334 

and even in utero (Barrington-Trimis and Leventhal, 2018; Chen et al., 2018a; Ganapathy et al., 2017; 335 

Muthumalage et al., 2018; Ruszkiewicz et al., 2020). However, in this study, e-vapour exposure seems 336 

to induce marginal oxidative stress in the brain, which may be related to the relatively low dose of 337 

exposure adopted. Higher doses may yield a stronger oxidative response in the brain.  338 

There are inevitably limitations in this study. Firstly, we did not use an obese prone mouse strain, but 339 

one prone to the impact of smoking, which may affect the development of memory deficit in mice with 340 

HFD-feeding only. In addition, we only used the novel objective recognition test as the initial screening 341 

test due to its high sensitivity to early memory function decline. Other cognitive tests such as Morris 342 

Water maze and T maze need to be assessed in future studies on the impact of e-cigarette.    343 

 344 

Conclusion  345 

E-vapour exposure impairs short term memory retention function in mice and appears to be 346 

independent of the presence of nicotine. Different mechanisms are involved in different dietary 347 

conditions leading to the same cognitive dysfunction, essentially being that e-vapour exposure involves 348 

systemic inflammation, reduced synaptic activity and increased astrogliosis in chow-fed mice, but for 349 

HFD-fed mice, this is via decreased gliosis and increased microglia. 350 
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Table 1. Bodyweight, fat mass, and plasma cotinine level in the mice at 16 weeks 

 Chow+sham Chow+e-cig18 Chow+e-cig0 HFD+sham HFD+e-cig18 HFD+e-cig0 

Body weight at week 0 

(g) 
20.1± 0.3 20.1±0.3 20.3±0.3 20.0±0.3 20.2±0.6 20.3±0.4 

Body weight at week 16 

(g) 

27.4±0.2 25.3±0.5** 25.6±0.4* 29.1±0.6* 28.7±0.8 †† 27.4±0.6‡ #  

Fat mass (g) 0.18±0.02 0.10±0.03 0.13±0.02 0.40±0.07** 0.31±0.06†† 0.20±0.01## 

Fat % 0.67±0.87 0.41±0.10 0.53±0.08 1.36±0.20** 1.05±0.17†† 0.75±0.05## 

Serum cotinine (ng/ml) 

ϕ 

4.21±0.26 16.26 ± 1.82** 4.44 ± 0.56†† 4.04 ± 0.47 15.74 ± 1.84## 3.39 ± 0.65δδ 

Serum IL-1β (pg/ml) ϕ 1358 ± 150 2566 ± 743 3565 ± 248* 2869 ± 539 2388 ± 596  3395 ± 824 

Serum TNFα (pg/ml) ϕ 401 ± 53 827 ± 295 1145 ± 193* 1009 ± 204* 729 ± 226 892 ±183  

The results are expressed as mean ± SEM, n = 10 (ϕ n = 5-7), * P<0.05, ** P<0.01 vs Chow+Sham, # P<0.05, ##P<0.01 

vs HFD+Sham, †† P<0.01 vs Chow+e-cig18mg, ‡ P<0.05 vs Chow+e-cig0, δδ P < 0.01 vs HFD+e-cig18mg. 

537 



Figure legends 538 

Figure 1. Treatment timeline and grouping. The population was divided into normal chow or High Fat 539 

Diet. The three conditions were ambient air (control/sham), E-vapour + nicotine (vehicle + nicotine), 540 

and the E-vapour exclusively (vehicle itself). 541 

Figure 2. Novel Object Recognition test result (a, n=10), phosphorylated (p)-Tau protein levels (b, 542 

n=6), protein levels of NeuN (c), Iba-1 (d) and GFAP (e) in the whole brain. The results are expressed 543 

as mean ± SEM, n = 5-6. * P<0.05, ** P<0.01 vs Chow-Sham, # P<0.05 vs HFD-Sham. Representative 544 

western blotting bands are from the same gel and the groups are divided by solid lines in line with the 545 

bar figure.  546 

Figure 3. NeuN positive cell counts in the CA1 (a) and CA3 regions (b), percentage of neurons 547 

expressing apoptosis markers, TUNEL and Caspase-3 positive counts in the CA1 (c,e) and (d,f) of the 548 

hippocampus. Representative images of groups with significant change (g). The results are expressed 549 

as mean ± SEM, n = 5.  550 

Figure 4. Protein levels of the endogenous antioxidant manganese superoxide dismutase (MnSOD, a) 551 

and synaptic plasticity markers, postsynaptic density protein (PSD)-95 (b) and Synapsin (c). The results 552 

are expressed as mean ± SEM, n =6. **P<0.01 vs Chow-Sham. Representative western blotting bands 553 

are from the same gel and the groups are divided by solid lines in line with the bar figure.   554 

Figure 5. Protein levels of insulin signaling elements, (a) phosphorylated (p)-5' AMP-activated protein 555 

kinase (AMPK), total AMPK, and the ratio between p-AMPK and total AMPK, (b) p-protein kinase B 556 

(Akt), total Akt, and the ratio between p-Akt/Akt, and (c) Glycogen Synthase Kinase-3 (GSK). The 557 

results are expressed as mean ± SEM, n =  6. * P< 0.05 vs Chow-Sham, #P< 0.05, ## P<0.01 vs HFD-558 

Sham. Representative western blotting bands are from the same gel and the groups are divided by solid 559 

lines in line with the bar figure. 560 
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