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ABSTRACT
Recent preclinical data suggest that alterations in the gut microbiota may be an important factor 
linking obesity to vascular dysfunction, an early sign of cardiovascular disease. The purpose of this 
study was to begin translation of these preclinical data by examining whether vascular phenotypes 
in humans are transmissible through the gut microbiota. We hypothesized that germ-free mice 
colonized with gut microbiota from obese individuals would display diminished vascular function 
compared to germ-free mice receiving microbiota from lean individuals.

We transplanted fecal material from obese and lean age-and sex-matched participants with 
disparate vascular function to germ-free mice. Using Principle Component Analysis, the microbiota 
of colonized mice separated by donor group along the first principle component, accounting for 
between 70–93% of the total variability in the dataset. The microbiota of mice receiving transplants 
from lean individuals was also characterized by increased alpha diversity, as well as increased 
relative abundance of potentially beneficial bacteria, including Bifidobacterium, Lactobacillus, and 
Bacteroides ovatis. Endothelium-dependent dilation, aortic pulse wave velocity and glucose toler-
ance were significantly altered in mice receiving microbiota from the obese donor relative to those 
receiving microbiota from the lean donor or those remaining germ-free.

These data indicate that the obesity-associated human gut microbiota is sufficient to alter the 
vascular phenotype in germ-free mice in the absence of differences in body weight or dietary 
manipulation, and provide justification for future clinical trials to test the efficacy of microbiota- 
targeted therapies in the prevention or treatment of cardiovascular disease.
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Introduction

Cardiovascular disease (CVD) has been the leading 
cause of death worldwide for over a century.1 Overt 
clinical signs of CVD are often preceded by vascular 
dysfunction, particularly arterial stiffness and 
endothelial dysfunction, both of which are highly 
predictive of future cardiovascular events and 
mortality.2–5 Arterial stiffness and endothelial dys-
function are also commonly observed in obese indi-
viduals, and account, in part, for the increased CVD 
risk in this population. Although the exact processes 
governing the development and progression of 

obesity-related vascular dysfunction are unclear, 
emerging evidence supports a role for the gut 
microbiota.6

Several pre-clinical studies have demonstrated 
that manipulation of the gut microbiota impacts 
vascular outcomes. We7 and others8 have reported 
that diet-induced obesity in mice is characterized 
by gut dysbiosis and vascular dysfunction, and that 
suppression of dysbiotic microbiota via broad- 
spectrum antibiotics abrogates vascular dysfunc-
tion in these animals. Furthermore, gut microbiota 
transplantation of an obesity-associated microbiota 
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from genetically obese (Ob-/-) mice to wild-type 
animals results in the development of vascular dys-
function in the latter;9 and supplementation with 
prebiotics eliminates vascular dysfunction in 
ApoE-/- mice.10 Taken together, these observations 
suggest that alterations to the gut microbiota can 
modify vascular function in experimental animals.

Although the potential clinical implications of 
these findings are clear, it remains unknown 
whether the human gut microbiota plays 
a fundamental role in the regulation of vascular 
function. Inter-individual differences in genetics, 
diet and other lifestyle factors complicate trans-
lation of these observations to human disease. 
Furthermore, significant taxonomic differences 
exist between the human and mouse microbiota. 
Therefore, establishing whether an obesity- 
associated human gut microbiota can influence 
the development of vascular dysfunction in 
a germ-free mouse model is the first step toward 
translating previous experimental observations. 
To this end, we colonized separate cohorts of 
germ-free mice with the gut microbiota of 
obese and lean human participants that differed 
in measures of arterial stiffness and endothelial 
function. We found that animals receiving the 
obesity-associated gut microbiota developed vas-
cular dysfunction, despite being fed a standard 
maintenance diet. These observations suggest 
that the obesity-associated human gut micro-
biota is sufficient to initiate the development of 
vascular dysfunction. These findings shed light 
on the potential causative role of obesity- 
induced gut dysbiosis in the development of 
vascular dysfunction and associated CVD risk 
in humans.

Results

Lean and obese human microbiota donors

Subject characteristics of the lean and obese 
human donors are shown in Table 1. On average, 
obese microbiota donors (BMI>30) were selected 
based on endothelial dysfunction (RHI<1.67), as 
well as markedly higher arterial stiffness as deter-
mined by carotid-femoral pulse wave velocity 
(cfPWV) than lean individuals. Figure 1 shows 
taxa bar plots of the phyla-level differences 
between the lean and obese human donors. Mice 
were inoculated in two cohorts, with cohort 1 
colonized by fecal donor material from a single 

Table 1. General and vascular characteristics of lean and obese 
human study population.

Cohort 1 Donors Cohort 2 Donors

Lean Obese Lean Obese

N 1 1 1 1
Age (years) 44 48 32 30
Sex F F M M
BMI (kg/m2) 23.2 32.6 22.4 31.2
SBP (mmHg) 115 129 121 124
DBP (mmHg) 66 75 63 77
cfPWV 5.6 7.4 6.2 7.1
Aix 15 23 6 15
Aix@75 15 27 −1 8
RHI 2.17 1.28 2.15 1.63
Glu 88 92 90 95
HbA1c 5.3 5.2 5.3 5.3
CHOL (mg/dL) 156 188 141 170
HDL (mg/dL) 62 60 56 39
nHDLc (mg/dL) 94 128 85 131
TRIG (mg/dL) 79 79 69 85
TC/H 2.5 3.1 2.5 4.4
LDL (mg/dL) 78 112 71 114
VLDL (mg/dL) 16 16 14 17

BMI Body Mass Index; BP Blood Pressure; cfPWV carotid to femoral pulse 
wave velocity; RHI reactive hyperemia index; Glu fasting glucose; CHOL 
total cholesterol; HDL high density cholesterol; nHDL non-high density 
cholesterol; TRIG triacylglycerols; TC/H total cholesterol to HDL ratio; LDL 
low density cholesterol; VLDL very low density cholesterol; n = 1/group.
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Figure 1. Lean and obese human donors display differences in relative abundance of the gut microbiota at the phyla level. A) Taxa Bar 
Plot of Cohort 1 at the Phyla Level. B) Taxa Bar Plot of Cohort 2 at the Phyla Level. n = 1/group.
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lean or obese female and cohort 2 colonized by 
fecal donor material from a single lean or obese 
male. The obese donors for both cohorts 1 and 2 
displayed greater relative abundance of Firmicutes 
and reduced abundance of Bacteroidetes com-
pared to their respective lean donors (Figure 1). 
In cohort 1, the ratio of Firmicutes to 
Bacteriodetes (F:B) was 1.8 for the lean donor 
and 4.5 for the obese donor (Figure 1A); in cohort 
2 the F:B was 5.3 for the lean donor and 20.4 for 
the obese donor (Figure 1B). This finding is con-
sistent with previous studies that have demon-
strated a greater F:B ratio in obese 
populations.11,12 Further, Actinobacteria, found 
in higher concentrations of obese individuals,12 

were only detected in the obese male donor.

Mouse microbiota profiles segregate by donor 
phenotypes

An average of 57,269 reads/sample (min = 25,086; 
max = 89,654) were used to query microbiota 
differences between groups within each cohort. 
At termination, mouse microbiota profiles clus-
tered according to their transplant donor groups. 
Principle Component Analysis (PCA) revealed 
separation of the microbiota in each cohort by 
donor group along the first principle component, 
which accounted for ~47% (cohort 1) and 89% 
(cohort 2) of the total variability in the dataset 
(Figure 2A and B). Furthermore, while several 
taxa appear to be driving this separation, 
Bacteroides ovatus and Parabacteroides diastonis 
were consistently associated with the mice receiv-
ing the lean microbiota (LM) in both cohorts. In 
cohort 1, several Bacteroides spp. and Akkermansia 
muciniphila were associated with the mice receiv-
ing the obese microbiota (OBM); while in Cohort 
2, Clostridium hathewayi and other taxa in the 
Clostridiales (phyla Firmicutes) were associated 
with the OBM (Figure 2A and B).

Bray-Curtis distances were used to look at dis-
similarity across donor groups and cohorts. 
Visualization by Principle Coordinates Analysis 
(PCoA) using Non-Metric Dimensional Scaling 
(NMDS; stress=0.09) revealed clustering of mouse 
microbiomes by donor weight status and cohort (SI 
Appendix, Figure 1). In particular, mice receiving 
LM clustered most closely together, regardless of 

cohort, while animals receiving OBM clustered 
within a cohort, but cohorts 1 and 2 clustered 
separately (PERMANOVA: OBM vs 
LM = p < .001; Cohort 1 vs Cohort 2 = p < .001; 
Interaction = p < .001). Because there was a signifi-
cant cohort effect, the remaining microbiota ana-
lyses were conducted within cohorts.

Alpha-diversity measures differed between LM and 
OBM groups, but this was not consistent across cohorts. 
In cohort 1, there were no significant differences 
between LM and OBM-colonized mice in richness 
(Observed species; p = .87) or Shannon’s diversity 
(p = .48; Figure 2C). Conversely, in cohort 2, the LM 
had much greater richness and diversity than OBM- 
colonized animals (Observed species: p < .001; 
Shannon: p < .001; Figure 2D). Using the DiffAbund 
function in MyPhyloDB, we identified specific taxa that 
differed between donor groups in each cohort. In cohort 
1, LM-colonized animals had higher levels of taxa most 
closely aligning to the species Bacteroides fragilis (20-fold 
increase), and the genera Lactobacillus (12-fold increase) 
and Bifidobacterium (8-fold increase) (Figure 2E). 
Cohort 2 displayed greater relative abundance of taxa 
aligning to the species Bacteroides ovatus (30-fold 
increase), Bacteroides uniformis (25-fold increase), 
Faecalibacterium prausnitzii (24-fold increase), and 
Bacteroides caccae (23-fold increase) when colonized 
with the LM (Figure 2F). Using a sparse partial least 
squares (sPLS) regression, we observed strong microbial 
associations between certain microbes and glucose area 
under the curve (AUC) and weaker associations 
between specific microbes and endothelium-dependent 
dilation (EDD) AUC (Figure 2G). In addition, many 
taxa showed opposing correlations with glucose AUC 
and EDD AUC, likely due to the inverse relation-
ship between these specific outcome measures. In agree-
ment with assessments that identified taxa associated 
with the LM, Lactobacillus and Parabacteroides were 
negatively associated with glucose AUC, while several 
members of the Clostridiales (drivers of OBM in 
cohort 1) were positively associated with glucose AUC.

Body and tissue weights did not differ between mice 
colonized with either lean or obese microbiota

After colonization with their respective donor fecal 
material, mice were fed a purified maintenance diet 
for 14–18 weeks. To assess the impact of LM or 
OBM colonization on the mice, body weight and 
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Figure 2. Gut microbiota transplantation from lean or obese humans results in different community structure in germ-free mice. A) 
Principle Component Analysis (PCA) Plot of LM vs. OBM in cohort 1. B) PCA Plot of LM vs. OBM in cohort 2. C) Alpha Diversity for Cohort 
1 as measured by Observed Species and Shannon’s Diversity. D) Alpha Diversity for Cohort 2 as measured by Observed Species and 
Shannon’s Diversity. E) Changes in specific taxa within groups in Cohort 1, identified using a gene-wise negative binomial generalized 
linear model (EdgeR). F) Changes in specific taxa within groups in Cohort 2, identified using a gene-wise negative binomial generalized 
linear model (EdgeR). G) Sparse partial least squares (sPLS) regression of cardiometabolic parameters and bacterial taxa of all mice. 
FDR<0.1. EDD endothelium-dependent dilation; AUC area under the curve; PWV pulse wave velocity.
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food intake were assessed throughout the study and 
measures of vascular function and glucose toler-
ance were conducted in vivo or post-termination. 
General characteristics of the combined mice 
cohorts after termination are shown in Table 2. 
Average body weight and most tissue weights did 
not differ between the LM and the OBM. However, 
GF mice (animals not receiving inoculum) had 
significantly greater cecum weights (p < .001) and 
colon lengths (p < .05) compared to either the LM 
or OBM (Table 2).

Transfer of the obese human gut microbiome 
induces the development of vascular dysfunction in 
germ-free mice

To assess whether colonization with LM or OBM 
differentially affected vascular function in GF mice, 
we determined in vivo arterial stiffness and ex vivo 
endothelial function. Arterial stiffness, measured by 
PWV, was increased in mice colonized with OBM 
compared to GF mice (p = .007) (Figure 3A). In the 
individual cohorts, mice in cohort 2 colonized with 
OBM displayed a marked increase in arterial stiff-
ness compared to the LM animals (p = .03; 
Figure 3C); however, no differences between 
donor groups were noted in cohort 1 (p = .44; 
Figure 3B).

Vascular endothelial function in isolated mesen-
teric arteries was assessed immediately after termi-
nation via pressure myography. GF mice displayed 
greater constriction to the maximal dose of pheny-
lephrine (PE) (10−5) compared to colonized mice, 
but there were no differences in constriction 
between mice colonized with LM or OBM (SI 
Appendix, Figure 2A and B). Conversely, EDD in 
response to acetylcholine was significantly 
impaired in OBM compared to LM (p < .05) or 
the GF mice (p < .01) (Figure 4A and B). In addi-
tion, this impaired dilation held true when both 
cohorts of animals were analyzed independently 
(Figure 4C–F). Endothelium-independent dilation 
(EID) was reduced (p < .05) in OBM compared to 
animals remaining GF; with no differences 
observed between LM and GF animals (SI 
Appendix, Figure 3B–F).

Colonization with obese human gut microbiota 
impairs glucose tolerance in germ-free mice

To assess metabolic effects of the transplantation, 
mice underwent an intraperitoneal glucose toler-
ance test (ipGTT). OBM displayed impaired glu-
cose tolerance compared to LM as demonstrated by 
a trending glucose response curve (p = .06), and 
greater AUC (p = .007) (Figure 5A and B). This 
impairment was consistent across both cohorts of 
mice (Figure 5C–F). To ensure preserved GF status, 
we did not subject GF control mice to an ipGTT. To 
gain mechanistic insight into the impaired glucose 
tolerance, we measured phosphorylated Protein 
Kinase B (pAkt) in the liver and gastrocnemius. In 
cohort 1, the OBM displayed reduced pAkt:Akt 
compared to the LM (SI Appendix, Figure 4) in 
the gastrocnemius, but not in the liver. However, 
there were no differences in muscular or liver pAkt: 
Akt in Cohort 2, nor when data were combined. 
Liver or intramuscular triacylglycerols did not dif-
fer between groups in either cohort (SI Appendix, 
Figure 5).

Discussion

Research over the last decade has revealed the 
importance of gut microbes in regulating human 
health and disease.13 Numerous studies have 
demonstrated a strong association between changes 

Table 2. General and metabolic characteristics of mice.
LM OBM Germ-Free p value

Bodyweight 
(g)

24.9 ± 1.0 24.1 ± 0.7 24.7 ± 2.1 0.83

Liver weight 
(mg)

1241.2 ± 48.0 1164.9 ± 41.7 1178.2 ± 53.4 0.45

Heart weight 
(mg)

118.0 ± 2.9 113.2 ± 3.1 102.9 ± 4.3 0.039

Spleen  
weight(mg)

84.2 ± 4.1 80.2 ± 2.9 97.3 ± 10.4 0.11

Epi Adipose 
weight 
(mg)

509.0 ± 102.5 410.3 ± 50.3 336.4 ± 31.7 0.43

SQ Adipose 
weight 
(mg)

257.0 ± 34.6 228.7 ± 18.5 190.9 ± 11.8 0.42

Cecum 
weight 
(mg)

564.5 ± 28.7 496.7 ± 27.5 1645.9 ± 356.9 <0.0001

Colon length 
(cm)

6.5 ± 0.2 6.4 ± 0.1 7.1 ± 0.3 0.05

PVAT weight 
(mg)

21.9 ± 2.1 18.9 ± 2.0 22.4 ± 3.9 0.54

Values are mean±SEM. LM mice receiving the lean microbiota, OBM mice 
receiving the obese microbiota, PVAT perivascular adipose tissue, Epi 
epidydimal, SQ subcutaneous, n = 6–10/group. Statistical analysis was 
performed using a one-way ANOVA.
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in the gut microbiota and cardiovascular disease 
risk, although the physiological link governing 
this association remains unclear. We previously 
demonstrated that alterations to the gut microbiota 
affect endothelial function and arterial stiffness, two 
indices of vascular function that strongly predict 
cardiovascular disease risk.4,5 However, inter- 
individual differences in genetics, diet and other 
lifestyle factors complicate translation of these 
data to human disease, and significant taxonomic 
differences exist between the human and mouse 
microbiota. Therefore, as a first step toward trans-
lating these pre-clinical data, we sought to establish 
whether an obesity-associated human gut micro-
biota would influence the development of vascular 
dysfunction in an experimental model. Specifically, 
we examined the vascular and metabolic effects of 
microbiota transplantations from lean and obese 
individuals to GF mice. We found that GF mice 
colonized with an obese human gut microbiota 
acquired the vascular phenotype of their donors 
and developed endothelial dysfunction, arterial 
stiffness, and glucose intolerance compared to non- 
colonized GF mice or mice colonized with a lean 

human gut microbiota. These changes were inde-
pendent of diet or body weight and were driven by 
differences in gut microbial ecology (i.e. alpha 
diversity and differential abundance of species). 
These data indicate that the human gut microbiota 
is a fundamental and modifiable determinant of 
vascular function and glucose homeostasis, and 
provide justification for further examination in 
human populations and potentially for develop-
ment of microbiota-targeted therapies for indivi-
duals at-risk for CVD.

Rather than combine the gut microbiota from 
large cohorts of lean and obese individuals for 
donor material, we selected two representative 
lean and obese individuals, one female and one 
male, that matched closely in age but differed in 
vascular parameters, specifically in RHI score. 
This approach allowed us to scrutinize the micro-
biota of a single donor, examining its capacity to 
alter cardiometabolic function in a cohort of GF 
mice. Donors were selected because they displayed 
marked differences in vascular outcomes. 
Specifically, obese donors displayed impaired 
endothelial function and increased arterial 
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Figure 3. Gut microbiota transplantation increases arterial stiffness in germ-free mice. A) Arterial stiffness as measured by pulse wave 
velocity (PWV) in both cohorts combined. B) Arterial stiffness as measured by PWV in cohort 1. C) Arterial stiffness as measured by PWV 
in cohort 2. Data are expressed as mean ± SEM, n = 9–10/group for individual cohorts; n = 18–20 for both cohorts combined. Statistical 
analysis was performed using Student’s t-test or one-way ANOVA, where applicable. *p < .05 between LM and OBM. # p < .01 between 
OBM and GF.
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stiffness compared to lean donors, as determined 
by RHI and PWV.14,15 The RHI values demon-
strated by obese donors were similar to those that 
are associated with increased future cardiovascular 
disease and related mortality.14,16 Obese donors 
also displayed numeric elevations in PWV, 

although absolute values were only modestly ele-
vated, and within a single standard deviation of 
average PWV values for females and males of their 
age.17 The lack of more significant elevations in 
PWV in our obese donors may have been due to 
their relatively young age, as aging is the primary 
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Figure 4. Gut microbiota transplantation from obese subjects leads to endothelial dysfunction in germ-free mice. A) Endothelium- 
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risk factor for arterial stiffness.18 Concomitant 
with these vascular differences, the gut microbiota 
of the human donors were also distinct, with obese 
donors displaying greater relative abundance of 

the phyla Firmicutes than lean donors. This find-
ing is consistent with previous studies that have 
demonstrated a higher Firmicutes:Bacteroidetes 
(F:B) in obese individuals. Notably, Turnbaugh 
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Figure 5. Obese gut microbiota transplantation leads to impaired glucose tolerance in germ-free mice. A) Glucose tolerance test 
between LM and OBM in both cohorts combined, B) Area under the curve for glucose tolerance test in both cohorts combined, C) 
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et al., demonstrated that GF mice inoculated with 
Firmicutes-enriched microbiota from obese twins 
increased body weight.12 Although the physiologi-
cal relevance of the F:B ratio continues to be 
debated, the adipose-enriching effect of 
Firmicutes has been linked to several aspects of 
metabolic dysfunction.19,20

Examination of the mouse microbiota at termi-
nation revealed clustering by donor status (within 
cohorts), despite consumption of a standardized 
maintenance diet by all animal groups. 
Interestingly, when using Bray-Curtis distances to 
examine the combined cohorts, the two groups that 
received LM clustered by cohort, but were also very 
similar to one another. In contrast, the two cohorts 
that received OBM clustered within cohort, but 
were different between cohorts. This is consistent 
with the Anna Karenina Hypothesis, which sug-
gests that healthy, robust microbiomes have the 
ability to regulate their composition, resulting in 
similarities, while dysbiotic microbiomes lose this 
regulatory capacity, resulting in various confirma-
tions consistent with dysfunction.21 This is consis-
tent with our previous observations in rodent 
models, where vascular dysfunction was more 
strongly correlated with loss of beneficial taxa, 
such as Bifidobacterium, than with introduction of 
specific pathogenic or pro-inflammatory 
organisms.9 This is further supported by our obser-
vation of reduced alpha diversity (observed rich-
ness and Shannon’s diversity) in OBM compared to 
LM in cohort 2. Loss of alpha diversity has also 
been linked to metabolic dysfunction and other 
diseases in humans.22,23

With regard to loss of beneficial taxa, OBM dis-
played reduced levels of F. prausnitzii compared to 
LM in cohort 2. This bacterial taxa is notably 
depleted in obesity, IBD, and colorectal 
cancers,24–28 and is being explored as a next- 
generation probiotic for humans.29 Using the mul-
tivariate DiffAbund function in MyPhyloDB, we 
found that other important taxa distinguished LM 
from OBM, including Bifidobacterium, 
Lactobacillus, and Clostridium. We have shown 
previously that Bifidobacterium is reduced in a diet- 
induced model of vascular dysfunction, and others 
have demonstrated that Bifidobacterium supple-
mentation improves fasting serum insulin and 
hepatic triacylglycerol accumulation and reduces 

endotoxemia in high fat-fed mice.7,9 Collectively, 
these data provide scientific justification to examine 
the effects of Bifidobacterium supplementation in 
humans with vascular dysfunction. Another inter-
esting observation was the association of several 
Bacteroides species, such as B. ovatus, with a lean 
microbiota and observation of a positive correla-
tion between Bacteroides and EDD, and an inverse 
correlation to glucose AUC. Bacteroides have a well 
characterized pathway to synthesize menaquinones 
(Vit K2)30 and it was recently demonstrated that the 
gut microbiota regulate endothelial function and 
blood pressure via a vitamin K2-dependent 
pathway.31 It is interesting to speculate whether 
loss or reduction of bacterially-synthesized K2 
may have driven the results observed in this study. 
However, it is also important to note that there 
were several Bacteroides sp. associated with LM in 
one cohort and OBM in another, and few consis-
tent differences between LM and OBM across 
cohorts. This highlights the importance of examin-
ing functional, rather than taxonomic, differences 
in future studies to further understand the interac-
tions between the gut microbiota and host 
physiology.

Mice receiving the OBM displayed reduced EDD 
compared to mice receiving lean microbiota or 
uninoculated GF mice. The magnitude of endothe-
lial dysfunction observed in OBM was comparable 
to what has been observed in diet-induced models 
of obesity.7 Interestingly, mice receiving the lean 
microbiota also displayed reduced EDD compared 
to GF mice. Joe et al. recently demonstrated that GF 
mice lack the ability to adequately constrict to PE. 
Contrary to this finding, in the present study GF 
mice displayed increased constriction to a maximal 
dose of PE compared to both LM and OBM. One 
possible explanation for this difference is that Joe 
et al. conventionalized their rats by cohousing with 
other rats, whereas we colonized our GF mice with 
human stool transplants, thus introducing a human 
microbiota. OBM also displayed a modest reduc-
tion in EID compared to non-inoculated GF mice. 
This finding is noteworthy given that reductions in 
EID are associated with insulin resistance and the 
development of type II diabetes and CVD.32,33 In 
addition to endothelial dysfunction, mice receiving 
the obese microbiota also displayed increases in 
PWV, a marker of arterial stiffness, compared to 

GUT MICROBES e1940791-9



non-inoculated GF mice and those receiving the 
lean microbiota in cohort 2. As noted earlier, our 
obese donors displayed only modest elevations in 
PWV compared to lean donors, likely due to their 
relatively young ages, which may account for the 
more modest changes in recipient mice. Still, these 
data support and extend previous work from our 
laboratory that PWV can be altered by gut micro-
biota transplantations, and support the supposition 
that the human gut microbiota is a fundamental 
regulator of cardiometabolic function.

In addition to impairments in vascular function, 
OBM also displayed reductions in glucose tolerance 
compared to LM, as determined by an intraperito-
neal glucose tolerance test. This reduction was 
accompanied by a decrease in muscle pAkt:Akt in 
cohort 1, but not cohort 2. The reasons for the 
discrepancy between cohorts are unclear, but could 
be due to the heterogeneity of the gut microbiota or 
donor sex differences between the obese donors in 
cohort 1 and 2. Using sPLS, we observed an inverse 
correlation between Lactobacillus and glucose AUC. 
Lactobacillus has been used to improve glucose tol-
erance independent of weight loss in db/db mice,34 

and, more recently, oral supplementation with 
Lactobacillus rhamnosus has reduced gluconeogen-
esis and improved hyperglycemia in diabetic rats.35 

The reduction in glucose tolerance in recipient mice 
is interesting given that obese donors did not display 
elevations in fasting glucose or in HbA1C, a marker 
of chronic glucose levels. These data align with those 
by Vrieze et al., who demonstrated that transfer of 
gut microbiota from lean human donors to indivi-
duals with metabolic syndrome increased insulin 
sensitivity in the latter.36 Furthermore, Zoll et al. 
found that transplantation from high fat, high sugar- 
fed mice induced glucose intolerance in lean mice 
independent of body weight and exercise status.37 To 
our knowledge, data from the present study are the 
first to demonstrate that microbiota transplantation 
from obese humans, without overt metabolic 
derangements, can impair glucose homeostasis in 
GF mice. These data lead us to believe that under-
lying changes in the gut microbiota may occur prior 
to observable changes in host physiology, and can 
lead to the development of chronic metabolic dis-
ease, including type II diabetes and CVD.

It is important to acknowledge the potential 
effects of sex in our donor and recipient cohorts. 

The protective effects of estrogen on CVD risk have 
been known for many years.38 How estrogen, and 
its loss, impacts microbial community configura-
tions in humans is still poorly understood, although 
a recent multi-cohort analysis showed that at 
younger ages, women have greater alpha diversity 
than men, and this difference was reduced with 
age.39 In the current study, cohort 1 animals were 
colonized by the female donor and cohort 2 were 
colonized by the male donor. Interestingly, the 
animals colonized with the female OBM donor 
were more similar to animals receiving LM than 
the animals colonized with the male OBM. 
Additionally, the alpha-diversity parameters were 
higher in these animals compared to the animals 
colonized with the male OBM. We also found dif-
ferences between the cohorts in PWV, our marker 
of arterial stiffness. When separating out the two 
cohorts, only cohort 2, the mice receiving the gut 
microbiota transplant from the male donors, had 
differences in arterial stiffness between the lean and 
obese donors. As both female participants were 
pre-menopausal, estrogen may have impacted the 
microbiota conformations of these donors and pro-
vided a protective effect against the development of 
arterial stiffness in the recipient animals. Future 
follow up studies will be needed to confirm whether 
these sex differences hold up in a larger cohort of 
male and female donors.

Several limitations of the current work should be 
noted. First, we utilized GF mice as recipients 
because their lack of microbes eliminates the con-
founding and competitive effects of the baseline 
microbiota. However, this may slightly limit the 
translatability of these data to future human reci-
pients as some studies have demonstrated varia-
tions to GF physiology including alterations in 
vascular phenotypes and the development of meta-
bolic dysfunction.40–42 Second, our decision to use 
a single lean and obese donor in each cohort rather 
than gut microbiota from a mixed group may also 
reduce the generalizability of the data. Lastly, 
important questions exist regarding the amount of 
time that is required for transplantations to elicit 
physiological changes, as well the duration before 
those changes begin to wane. We chose a 14– 
18 week duration given that our previous data 
suggested that this duration was sufficient to elicit 
changes in vascular function; however, it is unclear 
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whether these changes would be maintained over 
a longer period of time without additional inter-
vention, such as introducing a high fat diet. Such 
details will be critical to determine as gut micro-
biota-targeted therapies are fully translated to 
human populations.

In conclusion, the current data indicate that 
introduction of an obesity-associated human gut 
microbiota are sufficient to alter the vascular phe-
notype and glucose tolerance in GF mice in the 
absence of changes in body weight or dietary 
manipulation. This provides evidence that the 
human gut microbiota is a fundamental regulator 
of vascular function and glucose homeostasis. The 
data provide justification for gut microbiota- 
targeted therapies for the prevention and treatment 
of CVD. Future studies should focus on examining 
functional aspects of the gut microbiota that may 
drive vascular impairments as well as determine 
whether microbiota manipulation has therapeutic 
potential in humans at risk for CVD and type II 
diabetes.

Materials and methods

Human study

Study population
Men and women 30 to 50 years of age and with 
a BMI (kg/m2) of 20–24.9 or 30–34.9 were recruited 
to participate in this study. Exclusion criteria 
included subjects actively trying to alter body 
weight; current smoking; heavy alcohol consump-
tion (>12 drinks/week for men and >8 drinks/week 
for women); pregnant or breastfeeding; taking anti-
biotics, commercial probiotic/prebiotic supple-
mentation, or prescription medications that may 
affect either the microbiota or cardiometabolic 
function; and previous diagnosis of hyperlipidemia, 
diabetes, kidney/renal or intestinal diseases.

Twenty participants who met all eligibility cri-
teria (10 normal weight and 10 obese) then under-
went vascular assessment including measures of 
blood pressure, arterial stiffness, and endothelial 
function, followed by a venous blood draw, as pre-
viously described.43 We then selected two age- 
matched female donors, one from the lean and 
one from the obese group, with disparate vascular 
function, to serve as gut microbiota donors for 

transplantation to cohort 1. Two age-matched 
male donors, one from the lean and one from the 
obese group with disparate vascular function, were 
chosen as donors for transplantation to cohort 2.

This trial was conducted in accordance with the 
Declaration of Helsinki and was approved by the 
Colorado State University Institutional Review 
Board (protocol #18-7882 H).

Study design
The human portion of the study consisted of one 
experimental visit lasting for ~2 hours. Prior to the 
experimental visit, participants were instructed to 
refrain for 24 hours from exercise, over-the- 
counter and prescription medications, smoking, 
alcohol or caffeine-containing beverages, and fast 
for 12 hours. Participants were allowed to consume 
water prior to the study visit.43

At the beginning of the testing visit and follow-
ing 10 min of supine rest, brachial and aortic blood 
pressure, central hemodynamics (e.g., aortic mean 
arterial pressure, aortic pulse pressure) and AIx 
were measured in the non-dominant arm using 
the SphygmoCor XCEL system (AtCor Medical, 
Inc.) as described previously.43 Aortic stiffness was 
assessed by measuring carotid to femoral pulse 
wave velocity (cfPWV) also using the 
SphygmoCor XCEL as previously described.44,45 

To assess vascular endothelial function, digital 
artery endothelium-dependent vasodilation was 
used via a noninvasive, reproducible plethysmo-
graphic procedure (EndoPAT2000, Itamar 
Medical, Ltd) in accordance with conditions speci-
fied by the manufacturer14,46–48 and as previously 
described.43 RHI, an index of flow-mediated dila-
tion, was derived as previously mentioned43 and an 
RHI of <1.67 was defined as the cutoff value for 
endothelial dysfunction.49

A fasting blood sample was collected from an 
antecubital vein in vacutainers containing a serum 
clot activator (Greiner Bio-One lithium heparin 
tubes) and used for a comprehensive metabolic 
panel measured with a Piccolo Xpress analyzer 
(Abaxis). Hemoglobin A1c (HbA1c) levels were 
measured on an Alere Afinion Analyzer System 
using whole blood collected in EDTA tubes 
(Abbott).

Participants self-collected stool, which was 
stored at 4°C prior to processing at the clinic within 
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24 hours. Briefly, stool samples were suspended in 
reduced sterile reduced PBS with 10% glycerol and 
homogenized and then filtered through a 50uM 
filter to remove particulate matter. All samples 
were then stored at −80°C prior to use as animal 
inoculum. Inocula for the animal study were 
selected by categorizing individuals as lean or 
obese based on BMI and then selecting age and 
sex matched individuals that had normal and dys-
functional RHI scores.

Animal study

Experimental design
Male and female C57BL/6 J mice were bred and 
maintained in a germ-free facility at the 
University of Colorado Anschutz Gnotobiotic 
Facility and given ad libitum access to 
a standard diet (SD; 2020SX, Envigo, 
Indianapolis, IN). Germ-free isolators were rou-
tinely tested for sterility by culturing and pan- 
bacterial 16S rRNA gene PCR analysis of feces. 
Mice were co-housed 2–4 per cage in 
a temperature and humidity-controlled environ-
ment on a 12 h:12 h light-dark cycle. All animal 
procedures were reviewed and approved by the 
University of Colorado and Colorado State 
University Institutional Animal Care and Use 
Committees.

Colonization of germ-free mice occurred at 
8 weeks of age and was performed using stored 
inocula from lean or obese human donors. Each 
mouse was inoculated once by oral gavage with 
200 µl of inoculum under sterile conditions 
(n = 10 per group) and colonization was allowed 
to establish over a two-week period prior to any 
manipulations. Both male and female mice received 
fecal inocula from both male and female human 
donors. Mice received irradiated food and auto-
claved drinking water. Body weight and food intake 
were recorded weekly for 14–18 weeks. 
Additionally, these analyses were also conducted 
on a control cohort of germ-free mice (n = 10) 
that did not receive inoculum.

Glucose tolerance test
One week prior to termination, mice were food 
fasted for 6 hours and blood glucose was deter-
mined from tail-vein blood using AlphaTRAK 2 

glucose meters (Abbott Laboratories, Chicago, IL). 
After baseline glucose readings, mice were sub-
jected to a glucose tolerance test, as previously 
described.7 We did not subject mice remaining 
germ-free to a glucose tolerance test to preserve 
germ-free status.

Arterial stiffness
Aortic pulse wave velocity (PWV) was measured at 
14–18 weeks post colonization using a Doppler 
Flow Velocity System (Indus Instruments, 
Webster, TX) as previously stated.7

Animal termination and tissue collection
At 14–18 weeks post colonization, mice were anaes-
thetized with isoflurane and euthanized by exsangui-
nation via cardiac puncture. To diminish the 
differences in study period, we euthanized an equal 
number of mice from either group across the 14– 
18 weeks. The liver and spleen were immediately 
excised, weighed, and flash frozen for later analyses. 
Next, the intestinal tract was removed and the colon 
and cecum were separated and remained on ice-cold 
PSS during mesenteric artery isolation (see Vascular 
Reactivity section). The heart and gastrocnemius were 
isolated, and flash frozen for later use.

Vascular reactivity
Endothelium-dependent and independent dilation 
was measured on second-order mesenteric arteries 
placed in pressure myograph chambers (DMT Inc., 
Atlanta, GA) was determined as previously described.7

Microbiota characterization
Fecal DNA was extracted using the FastDNA® Kit (MP 
Biomedicals, #116540400) following manufacturer’s 
protocol. Amplicons were generated from the V4 
region (515 F-806 R) of the 16S rRNA following the 
Earth Microbiome Protocols.50 Negative DNA extrac-
tion controls, no template PCR controls, and the 
Zymo mock community were included on sequence 
plates as quality controls. Pooled libraries were quan-
tified and sequenced on an Illumina MiSeq at the 
Next-Generation Sequencing Facility at Colorado 
State University.

Forward and reverse sequence reads were 
imported into QIIME2 version 2019.10 for analysis 
as previously described.51 Briefly, paired end 
sequences were concatenated and denoised using 
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the DADA2 plugin in QIIME2. The feature table 
was used as input for calculation of alpha diversity 
parameters. Taxonomies were generated using the 
Greengenes reference database. Resulting taxon-
omy files and alpha diversity data were imported 
into R using the phyloseq package. Transplantation 
efficiency was visualized via Principle Component 
Analysis (PCA) plots. Alpha diversity was analyzed 
using non-phylogenetic (Observed and Shannon’s) 
measures. Differentially abundant taxa were deter-
mined using a negative binomial GLM (DiffAbund 
function) in MyPhyloDB v.1.2.0.52 Beta diversity 
was determined by Bray Curtis distance and visua-
lized by Principle Coordinate Analysis (PCoA) in 
MyPhyloDB version v.1.2.0. Sparse partial least 
squares (sPLS) regression using Spearman’s corre-
lations in MyPhyloDB v.1.2.0 was used to look for 
predictors in the microbiota of specific outcomes. 
Sequence reads and associated metadata are pub-
licly available on MyPhyloDB (https://myphylodb. 
azurecloudgov.us/myPhyloDB/home) under the 
project name: GutMicrobes2021.

Statistics
Data are expressed as mean ± SEM. For compar-
isons between more than two groups, statistical 
analyses were performed using either a one-way 
or two-way ANOVA (GraphPad Prism, La Jolla, 
CA). When a significant main effect was observed, 
a Tukey’s post-hoc test was performed to determine 
specific pairwise differences. For comparisons 
between the mice receiving an inocula, an unpaired 
two-tailed Student’s t-test was used. A p-value of 
<0.05 was considered statistically significant; while 
p = .051–0.08 was used to signify a trend. Two 
sample t-test was used to determine statistical sig-
nificance of alpha diversity measures Significance 
of Bray-Curtis distances were determined using 
PERMANOVA with 1000 iterations. A FDR<0.1 
was used to determine which taxa contribute sig-
nificantly to differences between groups.
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