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Abstract

Scope—α-Cyclodextrin (α-CD), a cyclic polymer of glucose, has been shown to lower plasma 

cholesterol in animals and humans; however, its effect on atherosclerosis has not been previously 

described.

Methods and Results—apoE-knockout mice were fed either low-fat diet (LFD; 5.2% fat, 

w/w), or Western high fat diet (21.2% fat) containing either no additions (WD), 1.5% α-CD 

(WDA); 1.5% β-CD (WDB); or 1.5% oligofructose-enriched inulin (WDI). Although plasma 

lipids were similar after 11 weeks on the WD vs. WDA diets, aortic atherosclerotic lesions were 

65% less in mice on WDA compared to WD (P < 0.05), and similar to mice fed the LFD. No 

effect on atherosclerosis was observed for the other WD supplemented diets. By RNA-seq analysis 

of 16S rRNA, addition of α-CD to the WD resulted in significantly decreased cecal bacterial 

counts in genera Clostridium and Turicibacterium, and significantly increased Dehalobacteriaceae. 
At family level, Comamonadaceae significantly increased and Peptostreptococcaceae showed a 

negative trend. Several of these bacterial count changes correlated negatively with % 

atherosclerotic lesion and were associated with increased cecum weight and decreased plasma 

cholesterol levels.

Conclusion—Addition of α-CD to the diet of apoE-knockout mice decreases atherosclerosis and 

is associated with changes in the gut flora.

*Correspondence: Toshihiro Sakurai, 10 Center Drive, Building 10/Room 8N224, Bethesda, MD 20814. sakura@hs.hokudai.ac.jp. 

Author contributions: T.S. and A.T.R designed the study. A.S., B.L.V., M.J.A., M.J., S.G.T., Z.H.Y. and L.A.F. have carried out 
animal studies and the data analysis. Y.C., X.Z., X.W., Y.Z. and J.Z. performed the measurement of 16S rRNA of gut flora and 
analyzed the metagenomics data. T.S., Z.H.Y., L.A.F. and A.T.R wrote this manuscript. All authors read and approved the final version 
of this manuscript.

The authors have declared no conflicts of interest.

HHS Public Access
Author manuscript
Mol Nutr Food Res. Author manuscript; available in PMC 2018 August 01.

Published in final edited form as:
Mol Nutr Food Res. 2017 August ; 61(8): . doi:10.1002/mnfr.201600804.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Cyclodextrin; atherosclerosis; gut flora; dietary fiber

1 Introduction

Cyclodextrins (CDs) are cyclic polymers of glucose that are commonly used as food 

additives and are considered as dietary fibers [1, 2]. α-CD and γ-CD are water-soluble and 

consist of six or eight α-D-glucopyranose units, respectively, whereas β-CD is a relatively 

water-insoluble fiber with seven units of α-D-glucopyranose. Other dietary fibers, such as 

oats, inulin, psyllium, guar gum and pectin, are known to have multiple beneficial effects on 

healthy subjects [3] and improve several different metabolic disorders related to obesity [4], 

type-II diabetes [5], and cardiovascular disease [6]. Likewise, several animal studies have 

demonstrated that CDs can also lower plasma cholesterol and triglycerides [7, 8].

Two possible mechanisms have been proposed for the lipid-lowering effect of CDs. First, 

CDs can entrap hydrophobic compounds, such as cholesterol and bile acid, into the 

hydrophobic cavity created by their cyclic glucose structure [1]. β-CD, in particular, has a 

hydrophobic cavity with an inner diameter of 6.0–6.5 angstroms, which is well-suited for the 

high affinity binding of cholesterol and bile acids. Thus, oral supplementation of CDs could 

potentially disturb bile acid and cholesterol absorption by sequestering bile acids and 

cholesterol [1]. Indeed, methyl β-CD has been shown lower plasma lipids and reduce 

atherosclerosis in mice [9].

Another potential mechanism for the lipid lowering effect of CDs is based on bacterial 

fermentation of CDs. Except for γ-CD, most CDs are not readily digested by salivary or 

pancreatic amylase and intact CDs are also poorly absorbed by the intestine [10]. CDs, 

however, are known to be hydrolyzed by bacterial enzymes produced by gut flora in the 

large intestine [10] and can stimulate the production of short chain fatty acids (SCFAs) [11]. 

Several studies have reported that increases in cecal SCFAs were associated with improved 

cholesterol and triglyceride levels in plasma, possibly by affecting hepatic AMP kinase [12]. 

Increased short chain fatty acids (SCFAs) produced from bacterial fermentation of CDs 

might, therefore, also suppress serum cholesterol levels and have other beneficial effects [11, 

13, 14].

Imbalances in healthy gut flora have also been linked to atherosclerosis [15]: hence, it is 

possible that CDs by altering gut flora could improve atherosclerosis. Interestingly, high fat 

diets supplemented with 10% oligofructose-enriched inulin, another water-soluble dietary 

fiber, increased cecal fermentation and diminished the development of atherosclerosis in 

apoE-KO mice, despite minimal reductions of plasma TC and TG [16].

While β-CD and inulin have been extensively studied in various human and animal studies, 

the effects of α-CD are not as well understood, even though it is more widely used as a food 

supplement [1, 3]. Several small clinical trials indicate a possible beneficial role of α-CD on 

plasma lipids and glucose [3, 17], but whether α-CD has a beneficial effect on suppressing 

the development of atherosclerosis has not yet been investigated. This is particularly 
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important in terms of public health, as α-CD is included in many processed foods mostly to 

improve texture and shelf life [1].

In the present study, we investigated the effect of α-CD supplementation on atherosclerosis 

in apoE-knockout (KO) mice. Using both in vitro and in vivo models, we found that α-CD 

did not bind lipids as well as β-CD, and only had a minimal effect on lipid absorption and 

plasma lipid levels. Supplementing the WD diet with α-CD caused, however, a significant 

reduction in atherosclerosis in apoE-KO mice, which was associated with several potential 

beneficial changes in the gut flora.

2 Materials and methods

See Supplemental Material

3. Results

3.1 α-CD supplementation reduces atherosclerotic aortic lesion area

In an initial pilot study, apoE-KO mice (n = 10 per group) were fed either a Western diet 

(WD) or a Western diet supplemented with either 1.5 % α-CD (WDA) or 1.5 % β-CD 

(WDB) for 11 weeks (Supplemental Fig. 1). At the end of the study, aortic lesion area was 

decreased by over 50% in mice fed WDA compared to WD (4.6 ± 0.4% vs. 11.7 ± 2.1%, P < 

0.01), but no reduction in atherosclerosis was observed in mice fed the WDB diet versus the 

WD diet (10.7 ± 1.5% vs. 11.7 ± 2.1%, P > 0.05). The effect of α-CD on atherosclerosis was 

then confirmed in a larger more extensive study, which included an additional control fiber 

(Figure 1). As before, one group of mice was fed a low-fat diet (LFD) and the other 4 groups 

were fed a Western diet (WD), WDA, WDB, or a Western diet supplemented with 1.5% 

oligofructose-supplemented inulin (WDI), a linear polysaccharide polymer that does not 

bind lipids [16]. As seen in the pilot study, mean % atherosclerotic lesion area in aorta of the 

WDA group was only 5.2 ± 0.5% (mean ± SEM) of total aorta area (Fig. 1A and 1B), which 

was a 65% reduction compared to the lesion area for the WD group (15.0 ± 1.4%) and 

similar to the lesion area of the LFD group (4.9 ± 0.5%). In contrast, % lesion area in WDB 

and WDI were 13.3 ± 1.6%, 12.1 ± 1.4%, respectively, which were slightly less than the WD 

group but not statistically different. The combined data indicate that 1.5% α-CD 

supplementation but not 1.5% β-CD or oligofructose-enriched inulin significantly decreased 

atherosclerotic lesion area in aorta in apoE-KO mice.

3.2 α-CD supplementation does not cause major changes in plasma lipids, SAA, body 
weight or food consumption

As shown in Figures 2 and 3, α-CD supplementation did not significantly alter lipid profiles 

at the end of the 11-week study compared to other WD-based diets. The WDA group did 

have a modest and significantly lower levels of plasma FC (6.15 ± 0.30 mmol/L), 

particularly in VLDL after 2 weeks on the diet compared to mice in the WD group (7.28 

± 0.25 mmol/L)(P < 0.05), but this difference did not persist at 5 weeks and thereafter. No 

other major differences were observed for total cholesterol, esterified cholesterol or 

triglycerides for any other time point in the study between the WDA and WD groups 
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(Supplemental Fig. 2). Similarly, supplementing the Western diet with β-CD or 

oligofructose-inulin also had negligible effects on plasma total lipids (Fig. 2).

Interestingly, plasma levels of FFA in WDB (0.85 ± 0.05 mmol/L) and WDI (0.88 ± 0.06 

mmol/L) were significantly lower than those in the LFD (1.20 ± 0.07 mmol/L) and WD 

(1.16 ± 0.06 mmol/L) groups (Fig. 2), but α-CD addition to the WD diet did not alter plasma 

FFA levels. As expected, mice in each WD-based diet group showed significant increases in 

TC, as well as FC and EC, compared to the LFD group at 11 weeks (Fig. 2), but there were 

no significant differences in plasma TG between the WD groups and the control LFD group.

FPLC analysis demonstrated increased cholesterol levels in the VLDL, IDL and LDL 

fractions in mice fed WD-based diets compared to the LFD at all time periods tested (Fig. 

3). Consistent with total plasma lipid values, cholesterol levels in VLDL and IDL fractions 

in WDA group were lower than those in the other diet groups but only 2 weeks after starting 

the diet (Fig. 3A) and then reached similar levels as the other WD-based diet groups 

thereafter (Fig. 3B). α-CD consumption also did not alter plasma serum amyloid levels 

(SAA), a mouse acute phase protein [18], and did not affect body weight or food 

consumption (Supplemental Fig. 3).

3.3 β-CD but not α-CD supplementation decreases intestinal lipid absorption

Cholesterol absorption in C57BL/6 mice was determined using a radiotracer gavage study 

(Supplemental Fig. 4A). Lower cholesterol absorption compared to control was noted in all 

mice treated with either α– or β-CD, but only for the high dose β-CD (45 mg, comparable to 

levels of CD supplementation in WDA and WDB diets) was there a statistically significant 

difference. The mean cholesterol absorption for the high-dose β-CD group was 

approximately half of the control group cholesterol absorption (29.1 ± 11.0% vs. 54.7 

± 1.6%, P < 0.05). These findings are consistent with greater lipid binding we observed for 

β-CD with an in vitro lipid binding/lipolysis assay, using a pH-stat titration system 

(Supplemental Fig. 5), as previously described [19].

We also analyzed the distribution of cholesterol and TG in feces in mice fed a LFD or WD 

with and without added CDs (Supplemental Fig. 4B and 4C). Excretion of both fecal TC and 

TG were higher in the animals fed WD versus LFD but only mice fed the WDB diet, 

containing β-CD, had significantly increased TG in stool compared to the WD group. 

Overall, these results are consistent with prior studies showing an effect of β-CD on 

decreasing intestinal lipid absorption [7], whereas α-CD at the doses tested had minimal 

effect.

3.4 CD supplementation alters cecum content

Although α-CD supplementation of the Western diet did not greatly alter plasma lipids or 

fecal excretion, it has been reported that it can enhance fermentation by bacteria in the 

cecum [16]. As a measure of bacterial load and fermentation, we weighed the full cecum 

(cecum wall + cecum contents), cecum contents and emptied cecum (Fig. 4, Supplemental 

Fig. 4D and 4E). Mice fed with either WDA or WDI had significantly increased full cecum 

weights compared to WD consistent with increased fermentation. The weights of the cecum 

contents and emptied cecum also tended to increase for the various fiber supplemented diets 
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compared to WD. Consistent with this observation, cecal pH also tended to decrease in 

WDA (8.33 ± 0.11, mean ± SEM), WDB (8.28 ± 0.07) and WDI (8.43 ± 0.06) compared to 

WD (8.38 ± 0.08) (LFD, 8.58 ± 0.11; ANOVA, P = 0.184; Supplemental Fig. 4F). A 

decrease in cecal pH is can occur by the fermentation of supplemented fibers by fecal 

bacteria, which results in the production of acidic SCFAs [13, 14, 20].

3.5 CD supplementation alters cecal microbiome

We next examined the abundance and distribution of gut microbes in the cecum of the mice 

on the various diets by next generation sequencing, using the MiSeq sequencer. Rarefaction 

analysis was performed, which allows the calculation of species richness for a given number 

of individual samples [21]. It is based on the construction of rarefaction curves, which plots 

the number of species as a function of the number of samples. The rarefaction analysis 

revealed the total number of microbial species detected by 16S rRNA gene sequencing and 

showed that the WD diet remarkably diminished the diversity of gut microbiota compared to 

LFD but also that adding the various CD’s to WD further decreased diversity, in the order 

WDA > WDI > WDB (Fig. 5A).

Pyrosequencing yielded a total of 41,283,706 quality sequences, with an average of 

1,720,154 sequences per sample and identified a total of 14 phyla and 173 genera of 

bacteria. Principle Coordinates Analysis (PCoA) showed that each diet (n=4–5 per group) 

was well separated from others, indicating that the gut microbial communities were distinct 

among different diets (Fig. 5B).

Taxonomic composition of the gut microbiome at the phyla level was then analyzed as 

percentage of relative abundance for total microbes in each diet group (Fig. 5C). This 

analysis demonstrated that Firmicutes was the most predominant species in all groups 

(42.0%-63.8%), consistent with previous reports [22]. Bacteroidetes was the second most 

predominant species in LFD, WD and WDA, whereas it was almost the same percentage as 

Firmicutes in WDB and WDI. Accordingly, the ratio of Bacteroidetes/Firmicutes, which is 

considered to be more beneficial when the ratio is higher for obese mice fed with high fat 

diet [23], was increased in the order of WDA, WDI, WDB compared to WD (Fig. 5D). Two 

other notable changes were observed in the gut microbiome from the diets. Verrucomicrobia 
was over 10% in WD and WDI, whereas a lower percentage of this species were found in 

LFD (7.0%), WDA (7.6%) and WDB (3.1%) (Fig. 5C). We also observed that 

Proteobacteria was abundantly present in LFD, WDB and WDI (2.2–5.4%) but not in WD or 

WDA groups (0.02–0.04%) (Fig. 5C).

A cladogram of microbes significantly altered on each diet is shown in Fig. 5E. To identify 

statistical differential representation of the various taxa, linear discriminant analysis effect 

size (LEfSe) method was applied on the relative abundances [24]. For each significant taxon 

detected, the corresponding node and branch area in the taxonomic cladogram is colored, 

according to the highest-ranked diet group for that taxon. The LefSe result depicts that the 

phylum Proteobacteria was differentially represented in LFD, whereas Bacteroidetes was 

differentially represented in WDA, and Firmicutes was differentially represented in WD.
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In accordance with the LefSe result, several bacteria species were found with statistically 

significant differences between the WD and WDA groups and also showed similar increases 

or decreases between WDA and LFD consistent with their possible role in modulating 

atherosclerosis (Fig. 6). For example, at the family level, the relative abundance of 

Comamonadaceae was decreased on WD but restored with WDA, and thus it shows an 

inverse relationship with atherosclerosis observed in mice and could be possible beneficial in 

reducing atherosclerosis. In contrast, the relative abundance of several bacteria, such as 

Erysipelotrichi at the class level, increased with WD and then decreased on WDA, 

suggesting that these bacterial groups could be contributing to the development of 

atherosclerosis. To further identify what changes in the species of gut flora best correlated 

with changes in atherosclerosis in WDA, the data was also presented as a heat map 

(Supplemental Fig. 6). Most species that showed a positive correlation with % 

atherosclerotic lesions in mice were also associated with decreased cecal fermentation 

(weights of cecum wall, cecum contents and full cecum). In contrast, most species that were 

negatively correlated with % atherosclerotic lesion were associated with increased cecal 

fermentation, as well as slightly decreased plasma cholesterol levels. Interestingly, Family 

Comamonadaceae also showed a strong negative correlation with % lesions in aorta, as well 

as negative correlations with total, free and esterified cholesterol.

3.6 CD supplementation alters the plasma metabolome

To gain further insight into the possible mechanism for the decreased atherosclerosis in the 

WDA group, the plasma metabolome of the mice on the various diets was examined by 

quantitative CE-TOF-MS analysis. A total of 201 plasma metabolites (102 metabolites in 

Cation mode and 99 metabolites in Anion mode) were detected, using a HMT’s standard 

library. Because previous studies have indicated a potential role for trimethylamine N-oxide 

(TMAO) made by gut microbes in atherosclerosis [15, 25], we analyzed this metabolite but 

did not find a significant difference in plasma TMAO levels (Supplemental Fig. 7) between 

WD and WDA. In addition, mRNA levels of flavin-containing monooxygenase 3 (Fmo3), 

which is known to produce TMAO in liver, determined by real-time PCR, did not differ 

significantly between WD and WDA (Fig. 7A). We did observe a reduction of 

trimethylamine (TMA), a precursor converted by the liver to TMAO, in the WDA group 

versus the WD group, but the significance of this observation is unclear given that the 

plasma TMAO levels were the same in each group. We also compared the level of plasma 

fatty acids (Fig. 7B), because of the prior association of SCFAs with the gut microbiome and 

atherosclerosis [11–14]. No differences were observed in SCFAs in the plasma of mice on 

the different diets, but decanoic acid, a medium chain fatty acid, was 81.3% higher on the 

WD diet compared to LFD and did not show as much as an increase when on the WDA diet. 

No other major differences in the other 201 detected plasma metabolites was observed 

between the different diet groups.

4 Discussion

Because α-CD is granted GRAS status and thus is generally recognized as safe, it is a 

widely used food additive. There has been a limited number of animal and human studies [3, 

5, 17] indicating that α-CD may even have beneficial effects on plasma lipids, but there has 
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not been a previous study on its effect on atherosclerosis. We show here in apoE-knockout 

mice that supplementation of a Western diet with α-CD markedly reduces atherosclerosis 

(Fig. 1), with only minimal changes in plasma lipids (Fig. 2).

Although plasma lipids are a major determinant of atherosclerosis both in mice and humans, 

many other factors can impact on the development of atherosclerosis. In humans, it is well 

known that serum lipids only account for about half of the variation in the propensity of 

atherosclerosis [17]. In mouse models of atherosclerosis, other types of treatment, such as 

inulin [16], blueberries [26], long-chain monounsaturated fatty acid-rich fish oil [27], and 

the angiotensin II type 1 receptor blocker telmisartan [28] all demonstrated decreased 

atherosclerotic lesions despite the absence of major effect on plasma lipids. Most relevant 

for this study, high fat diets supplemented with 10% oligofructose-enriched inulin 

diminished the development of atherosclerosis in apoE-KO mice, with an increase in cecal 

fermentation, despite minimal reductions of plasma TC and TG [16]. Another study 

demonstrated that inulin accelerated cecal fermentation in rats [14] and induced changes in 

gut flora, by especially increasing Bifidobacterium [29], which is known to be one of the gut 

microbes that helps maintain a healthy gut environment and, in fact, is used as a probiotic. In 

the present study, however, the difference in % atherosclerotic lesions in WDI vs. WD was 

not significantly lower, which may be due to the considerably lower amounts of inulin 

(1.5%, w/w) used in this study compared to previous studies (10%, w/w) [14,16]. Previous 

studies showing a benefit from β-CD supplementation on serum lipids and atherosclerosis in 

animal models [11,14] were also used at much higher levels (5–10%, w/w) than in our study.

No major hepatic gene expression changes in individual genes, such as Hmgcr and Cyp7a1, 

related to hepatic cholesterol/bile acid metabolism were observed in the mice on the 

different diets. In addition, Srebp2, a transcription factor that regulates numerous other 

genes, such as the LDL receptor and PCSK9, in the cholesterol/bile acid metabolism 

pathways [30], were unchanged (Supplemental Fig. 8). There was also not a significant 

difference in hepatic cholesterol and triglycerides levels between WD and WDA 

(Supplemental figure 3). Thus, it is not likely that changes in lipoprotein synthesis and 

catabolism accounts for the atheroprotection observed in the mice on the α-CD diet, but this 

should be tested in the future.

To furher explore the potential paradox between decreased atherosclerotic lesions without 

changes in plasma lipids by α-CD, we investigated whether the water-soluble fermentable 

fiber α-CD, like other prebiotics, may suppress the development of atherosclerosis by 

inducing changes in gut flora. The gut microbiota is now a well-recognized factor that may 

affect host metabolism and contribute to pathological conditions, such as obesity, diabetes 

and CVD [31]. Dietary fibers have been shown to prevent obesity by producing SCFA 

through bacterial fermentation of the dietary fiber in cecum [32]. Several animal studies also 

showed that oral administration of α-CD, β-CD or inulin produced SCFA and reduced the 

pH in the cecum [12, 14, 33]. Butyrate, a SCFA produced by bacteria, is the preferred 

energy source in enterocytes and high production of butyric acid may result in a beneficial 

trophic effect within the gastrointestinal tract [34]. In addition, SCFAs exhibited beneficial 

metabolic effects for obesity and insulin resistance in mice possibly through regulation of 

AMP kinase [35]. Interestingly, a recent report showed that a chow diet supplemented with 
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1% butyrate slowed the progression of atherosclerosis in aorta of apoE-KO mice by 50% 

compared to a normal chow diet [36].

We observed both indirect and direct evidence for changes in the gut microbiome by the 

addition of α-CD to a Western diet at relatively low doses (1.5%, w/w). First, similar to what 

has been previously reported [11, 13], the addition of α-CD to WD increased total cecal 

weight and content (Fig. 4), suggesting that it promoted increased bacterial fermentation by 

acting as an energy source. Similar changes, however, were observed with the other fibers 

that did not affect atherosclerosis. By 16S rRNA sequencing, we directly observed major 

changes in the abundance of numerous types of bacteria with α-CD supplementation, as well 

with the other types of fibers tested (Fig. 5, 6). Although changes in the abundance of 

several groups of bacteria appeared to correspond to changes in mouse atherosclerosis, such 

as Comamonadaceae (Fig. 6, Supplemental. Fig. 6), it is difficult without more studies to 

attribute any of these bacterial species changes as the cause for the reduction in 

atherosclerosis. In case of fish oil supplementation, it has recently been shown in mice that it 

promotes the cecal growth of Akkermansia muciniphila, which correlates with decreased 

weight gain and improvements in glucose metabolism [37]. Some of these same benefits 

could also be observed in mice on lard diet after fecal transplants from mice fed fish oil diet 

[37] and a similar strategy could be used, in the future, to better understand the relationship 

between changes in the gut microbiome and atherosclerosis after α-CD supplementation.

Another possible way to better understand the relationship between the gut microbiome 

changes and atherosclerosis is to examine plasma metabolites, because both pro-atherogenic 

and anti-atherogenic metabolites altered by gut bacteria have been described. The best 

understood proatherogenic metabolite produced by bacteria is trimethylamine oxide TMAO, 

which is produced by the bacterial conversion of carnitine and phosphatidycholine to TMA 

and then to TMAO by Fmo3 in liver [15, 25]. We did not observe, however, a difference in 

TMAO levels on the different diets (Supplemental Fig. 7). Butyrate, as already discussed, is 

a short chain fatty acid produced by bacteria with anti-atherogenic properties, but we also 

did not observe any difference in this metabolite on the different diets, although it usually 

only accumulates in portal blood and not systemic blood [38], which we tested. We did 

detect a relatively large increase in systemic plasma levels of the medium chain fatty acid 

decanoic (C10:0) on WD (Fig. 7B), and this increase was blunted when α-CD was added to 

the diet. Decanoic acid is a potent PPAR-γ agonist and increases both mitochondrial 

oxidative phosphorylation and mitochondrial content of tissues [39]. In addition, it reverses 

some of the metabolic abnormalities in polycystic ovary syndrome [40]. Given its reported 

beneficial metabolic effects and the fact that it increased not decreased on the WD diet, the 

relevance of the observed changes in decanoic acid on atherosclerosis, in this study, is 

uncertain.

Given the important role of inflammation in the pathogenesis of atherosclerosis, differences 

in cytokine levels in the 4 diets could also possibly contribute to the lower atherosclerosis 

observed in mice on the WDA diet. However, no obvious differences were found between 

WD and WDA diets for plasma levels of SAA, MCP-1 and IL-6 or in hepatic gene 

expression levels of IL-6 and IL-10 (Supplemental Fig. 3C; Supplemental Fig. 8). Aortic 
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tissue levels of cytokines were not measured in this study and should be investigated in the 

future.

In summary, dietary supplementation of α-CD to a high fat Western diet in apoE-knockout 

mice was found to markedly reduce atherosclerosis without significantly changing plasma 

lipids. Future studies will be necessary to determine if changes observed in the gut 

microbiome and plasma metabolites contribute to the anti-atherogenic properties of α-CD, 

but the results suggest that the current widespread supplementation of food with α-CD could 

have beneficial effects on cardiovascular health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ANOVA One-way analysis of variance

CD Cyclodextrin

CE-TOF-MSCapillary electrophoresis time-of-flight mass spectrometry

EC Esterified cholesterol

FC Free cholesterol

FFA Free fatty acid

Fmo3 Flavin-containing monooxygenase 3

FPLC fast protein liquid chromatography

KO Knockout

LFD Low fat diet

PCoA Principle Coordinates Analysis

PL Phospholipids

SAA Serum amyloid A

SCFA Short chain fatty acid

TC Total cholesterol
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TG Triglyceride

LEfSe linear discriminant analysis effect size

TMA Trimethylamine

TMAO Trimethylamine N-oxide

V4 fourth hypervariable

WD Western diet

References

1. Del Valle EMM. Cyclodextrins and their uses: a review. Process Biochemistry. 2004; 39:1033–1046.

2. Davis ME, Brewster ME. Cyclodextrin-based pharmaceutics: past, present and future. Nat Rev Drug 
Discov. 2004; 3:1023–1035. [PubMed: 15573101] 

3. Comerford KB, Artiss JD, Jen KL, Karakas SE. The beneficial effects of alpha-cyclodextrin on 
blood lipids and weight loss in healthy humans. Obesity (Silver Spring). 2011; 19:1200–1204. 
[PubMed: 21127475] 

4. Grunberger G, Jen KL, Artiss JD. The benefits of early intervention in obese diabetic patients with 
FBCx: a new dietary fibre. Diabetes Metab Res Rev. 2007; 23:56–62. [PubMed: 17013969] 

5. Chandalia M, Garg A, Lutjohann D, von Bergmann K, et al. Beneficial Effects of High Dietary 
Fiber Intake in Patients with Type 2 Diabetes Mellitus. N Engl J Med. 2000; 342:1392–1398. 
[PubMed: 10805824] 

6. Brown L, Rosner B, Willett WW, Sacks FM. Cholesterol-lowering effects of dietary fiber: a meta-
analysis. Am J Clin Nutr. 1999; 69:30–42. [PubMed: 9925120] 

7. Favier ML, Moundras C, Demigné C, Rémésy C. Fermentable carbohydrates exert a more potent 
cholesterol-lowering effect than cholestyramine. Biochimica et Biophysica Acta. 1995; 1258:115–
121. [PubMed: 7548174] 

8. Wagner EM, Jen KL, Artiss JD, Remaley AT. Dietary alpha-cyclodextrin lowers low-density 
lipoprotein cholesterol and alters plasma fatty acid profile in low-density lipoprotein receptor 
knockout mice on a high-fat diet. Metabolism. 2008; 57:1046–1051. [PubMed: 18640380] 

9. Montecucco F, Lenglet S, Carbone F, Boero S, et al. Treatment with KLEPTOSE(R) CRYSMEB 
reduces mouse atherogenesis by impacting on lipid profile and Th1 lymphocyte response. Vascul 
Pharmacol. 2015; 72:197–208. [PubMed: 25921922] 

10. Kondo H, Nakatani H, Hiromi K. In vitro action of human and porcine alpha-amylases on 
cyclomalto-oligosaccharides. Carbohydrate Research. 1990; 204:207–213. [PubMed: 2279246] 

11. Kaewprasert S, Okada M, Aoyama Y. Nutritional effects of cyclodextrins on liver and serum lipids 
and cecal organic acids in rats. J Nutr Sci Vitaminol. 2001; 47:335–339. [PubMed: 11814148] 

12. Hu GX, Chen GR, Xu H, Ge RS, Lin J. Activation of the AMP activated protein kinase by short-
chain fatty acids is the main mechanism underlying the beneficial effect of a high fiber diet on the 
metabolic syndrome. Med Hypotheses. 2010; 74:123–126. [PubMed: 19665312] 

13. Lina BA, Bar A. Subchronic oral toxicity studies with alpha-cyclodextrin in rats. Regul Toxicol 
Pharmacol. 2004; 39(Suppl 1):S14–26. [PubMed: 15265611] 

14. Levrat MA, Favier ML, Moundras C, Rémésy C, et al. Role of dietary propionic acid and bile acid 
excretion in the hypocholesterolemic effects of oligosaccharides in rats. J Nutr. 1994; 124:531–
538. [PubMed: 8145075] 

15. Koeth RA, Wang Z, Levison BS, Buffa JA, et al. Intestinal microbiota metabolism of L-carnitine, a 
nutrient in red meat, promotes atherosclerosis. Nat Med. 2013; 19:576–585. [PubMed: 23563705] 

16. Rault-Nania M-H, Gueux E, Demougeot C, Demigné C, et al. Inulin attenuates atherosclerosis in 
apolipoprotein E-deficient mice. British Journal of Nutrition. 2007; 96

Sakurai et al. Page 10

Mol Nutr Food Res. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Amar MJA, Kaler M, Courville AB, Shamburek R, et al. Randomized double blind clinical trial on 
the effect of oral α-cyclodextrin on serum lipids. Lipids Health Dis. 2016; 15:115. [PubMed: 
27405337] 

18. Ye RD, Sun L. Serum amyloid A1: Structure, function and gene polymorphism. Gene. 2016; 
583:48–57. [PubMed: 26945629] 

19. Gershkovich P, Sivak O, Contreras-Whitney S, Darlington JW, Wasan KM. Assessment of 
cholesterol absorption inhibitors nanostructured aluminosilicate and cholestyramine using in vitro 
lipolysis model. J Pharm Sci. 2012; 101:291–300. [PubMed: 21935955] 

20. Pan XD, Chen FQ, Wu TX, Tang HG, Zhao ZY. Prebiotic oligosaccharides change the 
concentrations of short-chain fatty acids and the microbial population of mouse bowel. J Zhejiang 
Univ Sci B. 2009; 10:258–263. [PubMed: 19353743] 

21. Caporaso J, Kuczynski J, Stombaugh J, Bittinger K, et al. QIIME allows analysis of high-
throughput community sequencing data. Nat Methods. 2010; 7:335–336. [PubMed: 20383131] 

22. Spor A, Koren O, Ley R. Unravelling the effects of the environment and host genotype on the gut 
microbiome. Nat Rev Microbiol. 2011; 9:279–290. [PubMed: 21407244] 

23. Tilg H, Kaser A. Gut microbiome, obesity, and metabolic dysfunction. J Clin Invest. 2011; 121(6):
2126–2132. [PubMed: 21633181] 

24. Segata N, Izard J, Waldron L, Gevers D, et al. Metagenomic biomarker discovery and explanation. 
Genome Biol. 2011; 12:R60. [PubMed: 21702898] 

25. Tang WHW, Hazen SL. The contributory role of gut microbiota in cardiovascular disease. J Clin 
Invest. 2014; 124(10):4204–4211. [PubMed: 25271725] 

26. Wu X, Kang J, Xie C, Burris R, et al. Dietary Blueberries Attenuate Atherosclerosis in 
Apolipoprotein E-Deficient Mice by Upregulating Antioxidant Enzyme Expression. J Nutr. 2010; 
140:1628–1632. [PubMed: 20660283] 

27. Yang ZH, Bando M, Sakurai T, Chen Y, et al. Long-chain monounsaturated fatty acid-rich fish oil 
attenuates the development of atherosclerosis in mouse models. Mol Nutr Food Res. 2016 Jun 7. 
[Epub ahead of print]. doi: 10.1002/mnfr.201600142

28. Takaya T, Kawashima S, Shinohara M, Yamashita T, et al. Angiotensin II type 1 receptor blocker 
telmisartan suppresses superoxide production and reduces atherosclerotic lesion formation in 
apolipoprotein E-deficient mice. Atherosclerosis. 2006; 186:402–410. [PubMed: 16157344] 

29. Dewulf EM, Cani PD, Neyrinck AM, Possemiers S, et al. Inulin-type fructans with prebiotic 
properties counteract GPR43 overexpression and PPARgamma-related adipogenesis in the white 
adipose tissue of high-fat diet-fed mice. J Nutr Biochem. 2011; 22:712–722. [PubMed: 21115338] 

30. Horton JD, Shimomura I, Brown MS, Hammer RE, et al. Activation of cholesterol synthesis in 
preference to fatty acid synthesis in liver and adipose tissue of transgenic mice overexproducing 
sterol regulatory element-binding protein-2. J Clin Invest. 1998; 101:2331–2339. [PubMed: 
9616204] 

31. Tremaroli V, Backhed F. Functional interactions between the gut microbiota and host metabolism. 
Nature. 2012; 489:242–249. [PubMed: 22972297] 

32. Macfarlane S, Macfarlane GT. Regulation of short-chain fatty acid production. Proc Nutr Soc. 
2003; 62:67–72. [PubMed: 12740060] 

33. Everard A, Lazarevic V, Gaia N, Johansson M, et al. Microbiome of prebiotic-treated mice reveals 
novel targets involved in host response during obesity. ISME J. 2014; 8:2116–2130. [PubMed: 
24694712] 

34. Campbell JM, Fahey GCJ, Wolf BW. Selected indigestible oligosaccharides affect large bowel 
mass, cecal and fecal short-chain fatty acids, pH and microflora in rats. J Nutr. 1997; 127:130–136. 
[PubMed: 9040556] 

35. Lin HV, Frassetto A, Kowalik EJ Jr, Nawrocki AR, et al. Butyrate and propionate protect against 
diet-induced obesity and regulate gut hormones via free fatty acid receptor 3-independent 
mechanisms. PLoS One. 2012; 7:e35240. [PubMed: 22506074] 

36. Aguilar EC, Leonel AJ, Teixeira LG, Silva AR, et al. Butyrate impairs atherogenesis by reducing 
plaque inflammation and vulnerability and decreasing NFkappaB activation. Nutr Metab 
Cardiovasc Dis. 2014; 24:606–613. [PubMed: 24602606] 

Sakurai et al. Page 11

Mol Nutr Food Res. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Caesar R, Tremaroli V, Kovatcheva-Datchary P, Cani PD, Backhed F. Crosstalk between gut 
microbiota and dietary lipids aggravates WAT inflammation through TLR signaling. Cell Metab. 
2015; 22:658–668. [PubMed: 26321659] 

38. Cummings J, Pomare E, Branch W, Naylor C, Macfarlane G. Short chain fatty acids in human 
large intestine, portal, hepatic and venous blood. Gut. 1987; 28:1221–1227. [PubMed: 3678950] 

39. Kanabus M, Fassone E, Hughes SD, Bilooei SF, Rutherford T, Donnell MO, Heales SJ, Rahman S. 
The pleiotropic effects of decanoic acid treatment on mitochondrial function in fibroblasts from 
patients with complex I deficient Leigh syndrome. J Inherit Metab Dis. 2016; 39(3):415–426. 
[PubMed: 27080638] 

40. Guo C. Does Dietary Fatty Acid, Decanoic Acid, Prevent Polycystic Ovary Syndrome? 
Endocrinology. 2016; 157(1):46–47. [PubMed: 26717473] 

41. Amar MJ, D’Souza W, Turner S, Demosky S, et al. 5A apolipoprotein mimetic peptide promotes 
cholesterol efflux and reduces atherosclerosis in mice. J Pharmacol Exp Ther. 2010; 334:634–641. 
[PubMed: 20484557] 

42. Rousset X, Vaisman B, Auerbach B, Krause BR, et al. Effect of recombinant human lecithin 
cholesterol acyltransferase infusion on lipoprotein metabolism in mice. J Pharmacol Exp Ther. 
2010; 335:140–148. [PubMed: 20605907] 

43. Folch J, Lees M, Sloane S, G H. A simple method for the isolation and purification of total lipids 
from animal tissues. J Biol Chem. 1957; 226:497–509. [PubMed: 13428781] 

44. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. 
Bioinformatics. 2014; 30(15):2114–20. [PubMed: 24695404] 

Sakurai et al. Page 12

Mol Nutr Food Res. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Effect of diets on mouse atherosclerosis
Representative images of aorta stained by Sudan IV (A) and comparisons of % 

atherosclerotic lesions in aorta among 5 diets (n=10–12 per group) (B). Data shown as mean 

± SEM. **, ***, and **** represent p values of P < 0.01, P < 0.005 and P < 0.001, 

respectively.
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Figure 2. Effect of diets on plasma lipids
Plasma lipids in apoE-KO mice fed with the indicated diets for 11 weeks (n=10–12 per 

group). Data shown as mean ± SEM. **, ***, and **** represent p values of P < 0.01, P < 

0.005 and P < 0.001, respectively.
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Figure 3. Effects of diets on plasma lipoprotein profiles
Pooled plasma (n=10–12 per group) from apoE-KO mice fed with the indicated diets for 2 

weeks (A) or 11 weeks (B) was separated by FPLC and cholesterol was measured in the 

fractions. Inset: Sum of area under the curve for each lipoprotein fraction.
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Figure 4. Effect of diets on full cecum
Increased weight of full cecum (cecum contents plus cecum wall) on the WDA and WDI 

compared to Western diet. Data shown as mean ± SEM. * and ** represent p values of P < 

0.05, P < 0.01, respectively (n=10–12 per group).
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Figure 5. Microbial diversity analysis
(A) α-diversity: Rarefaction analysis by counting total number of detected species in 16S 

rRNA gene sequencing. Data were indicated as mean ± SEM. (B) β-diversity: principal 

coordinates analysis (PCoA) of unweighted UniFrac distances of 16S rRNA genes. The 

plots (n = 4–5 in each diet group) were indicated as 3 dimensions by using three axis of 

Principal Coordinates (PC) 1, 2 and 3. Clusters of mice in each diet group are observed. (C) 

Proportions of gut flora in phyla level. (D) Ratio of Bacteroidetes/Firmicutes. Data were 

represented as mean ± SEM. (E) Taxonomy cladogram. Enriched microbes in LFD (red), 
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WD (green) and WDA (blue) were represented by different colors; specific microbes 

enriched in each diet are listed alongside of the color for each diet at the right of the 

cladogram. * P < 0.05.
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Figure 6. Gut microbes change among the 5 diets
Bacterial species with significant differences between WD and WDA were extracted from 

all the data. Data shown as mean ± SEM (n = 4–5). *, **, ***, and **** represent p values 

of P < 0.05, P < 0.01, P < 0.005 and P < 0.001, respectively.
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Figure 7. Effect of diets on plasma metabolites
(A), Hepatic Fmo3 mRNA levels analyzed by real-time PCR (B) Plasma fatty acid levels. 

Data shown as mean ± SEM (n=3) of area under the peak. *, **, and *** represent p values 

of P < 0.05, P < 0.01 and P < 0.005, respectively.
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