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Abstract

Background: Intestinal microcirculation is a critical interface for nutrient exchange and energy transfer, and is essential for maintaining
physiological integrity. Our study aimed to elucidate the relationships among intestinal microhemodynamics, genetic background, sex,
and microbial composition.

Methods: To dissect the microhemodynamic landscape of the BALB/c, C57BL/6J, and KM mouse strains, laser Doppler flowmetry paired
with wavelet transform analysis was utilized to determine the amplitude of characteristic oscillatory patterns. Microbial consortia were
profiled using 16S rRNA gene sequencing. To augment our investigation, a broad-spectrum antibiotic regimen was administered to these
strains to evaluate the impact of gut microbiota depletion on intestinal microhemodynamics. Immunohistochemical analyses were used
to quantify platelet endothelial cell adhesion molecule-1 (PECAM-1), estrogen receptor a (ESR1), and estrogen receptor 8 (ESR2) expression.

Results: Our findings revealed strain-dependent and sex-related disparities in microhemodynamic profiles and characteristic oscillatory
behaviors. Significant differences in the gut microbiota contingent upon sex and genetic lineage were observed, with correlational analy-
ses indicating an influence of the microbiota on microhemodynamic parameters. Following antibiotic treatment, distinct changes in
blood perfusion levels and velocities were observed, including a reduction in female C57BL/6] mice and a general decrease in perfusion
velocity. Enhanced erythrocyte aggregation and modulated endothelial function post-antibiotic treatment indicated that a systemic
response to microbiota depletion impacted cardiac amplitude. Immunohistochemical data revealed strain-specific and sex-specific
PECAM-1 and ESR1 expression patterns that aligned with observed intestinal microhemodynamic changes.

Conclusions: This study highlights the influence of both genetic and sex-specific factors on intestinal microhemodynamics and the
gut microbiota in mice. These findings also emphasize a substantial correlation between intestinal microhemodynamics and the
compositional dynamics of the gut bacterial community.
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the equitable distribution of nutrients, which are indispensable for
cellular metabolism and function [4]. Disruptions in intestinal mi-
crocirculatory processes have been implicated in the etiology of an
extensive spectrum of pathological conditions [5, 6], signifying the
importance of maintaining microvascular integrity for optimal
gastro-intestinal function.

Scientific inquiry into sex-specific physiological variations has
burgeoned [7], revealing disparities that have critical implica-
tions for disease manifestation and therapeutic approaches. The
hypothesis that the metabolic requirements of males and
females within a species precipitate differential adaptations in

Introduction

The gastro-intestinal microenvironment is a complex and dynami-
cally orchestrated milieu that is central to the regulation of homeo-
static functions within the body. The intestinal microcirculation,
comprising a dense labyrinth of microvasculature and capillaries, is
pivotal for facilitating nutrient uptake and the exchange of meta-
bolic intermediates [1]. This microvascular network also serves as a
sentinel, guarding the luminal interface against the ingress of dele-
terious substances and pathogenic microorganisms [2]. The gover-
nance of these microvessels is subject to a tightly regulated array of

neural and humoral stimuli in which the communication of nutri-
tional elements and endocrine signals orchestrates vascular re-
sponsiveness [3]. The subtleties of microhemodynamics within this
context are crucial for ensuring effective tissue oxygenation and

their respective microvascular architectures is not without merit
[8]. This posited sexual dimorphism in microvascular function is
supported by the delineation of distinct sex-based microbiomic
profiles, which are known to exert a significant modulatory effect
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on the structure and functionality of the intestinal vasculature
[9, 10]. These microbiomic variances have been posited as poten-
tial contributing factors to the sex-specific prevalence of certain
gastro-intestinal disorders, including but not limited to inflam-
matory bowel disease and irritable bowel syndrome [11-13].

Laser Doppler flowmetry (LDF) has emerged as a sophisticated
and non-invasive technique for the real-time assessment of mi-
crovascular blood flow, exploiting the Doppler shift of monochro-
matic laser light as it scatters from moving red blood cells [14].
The complexity inherent in LDF signal profiles is reflective of the
multiscale temporal variations and is influenced by a multitude
of physiological parameters, encompassing cardiac contractions,
respiratory movements, myogenic vessel wall activities, neuro-
genic stimuli, and endothelium-dependent modulations [15]. The
integration of wavelet analytical methodologies with LDF has
been instrumental in disentangling these complex signal pat-
terns [16], providing a more refined understanding of the discrete
components that contribute to the overall microhemodynamic
milieu. The current study aims to investigate the interdependen-
cles between genetic factors specific to mouse strains and the
physiological distinctions associated with sex by assessing their
impacts on intestinal microhemodynamics.

Methods and materials
Animals

The animal experiments performed in this study conformed to
ethical standards and regulatory frameworks. In alignment with
these guidelines, the experimental protocols of the present study
were reviewed and approved by the Institutional Animal Care
and Use Committee of the Institute of Microcirculation at the
Chinese Academy of Medical Sciences (CAMS), adhering to the
Principles and Guidelines for the Care and Use of Laboratory
Animals (CAMS-IM-IACUC-2022-AE-0608).

For this investigation, 8-week-old murine specimens from the
BALB/c, C57BL/6J, and KM strains were acquired from Vital River
Laboratory Animal Technology (Beijing, China) and each cohort
consisted of six mice. The animals were subsequently allocated to
distinct housing units with meticulously controlled environmental
conditions that featured a 12-h light-dark photoperiod, a stable
temperature of 26°C, and a humidity range that was maintained at
between 55% and 70%. The mice were afforded ad libitum access to
standard laboratory chow and water throughout the study.

Blood pressure measurement

Blood pressure—a critical physiological parameter—was measured
by using an Intelligent Noninvasive Sphygmomanometer BP-2010A
(Softron Biotechnology, Beijing, China). The mice were acclimated
within restraint apparatus that was positioned atop a thermally
regulated surface preset to 37°C. The occlusion tail cuff was affixed
to the sensor (BP98-RCP-M; Softron Biotechnology) and, following a
5-min acclimatization interval, the systolic, diastolic, and mean ar-
terial blood pressures were recorded. To ensure accuracy, each
measurement was obtained in triplicate.

Determination of the intestinal
microhemodynamics

Intestinal microcirculatory parameters were determined by using
a Moor VMS-LDF2 (Moor Instruments, Axminster, UK). After
30min of acclimation, the mice were anesthetized by inhaling 2%
isoflurane (R510-22; RWD Life Science Co., Shenzhen,
Guangdong, China) in a 50% oxygen mixture using a small ani-
mal anesthesia machine (matrix VMR; Midmark Corporation,
OH, USA). The intestine was gently exposed through a median

incision and the VP4 probe was stably positioned on the exposed
intestinal tissue. Three sites were selected and measured for
1min each, and the backscattered light collected by the probe
was processed by analog and digital signals to generate intestinal
microhemodynamics. After the measurements, all the mice were
sacrificed by cervical dislocation. The average blood perfusion
rate was calculated as the amount of microvascular blood perfu-
sion divided by time (min) and the velocity was determined based
on the changes in the scattered light intensity of standard micro-
particles. Furthermore, the number of peaks that occurred each
minute and the difference in perfusion units (APUs) between the
minimum and highest PUs were used to quantify the frequency
and amplitude of microvascular vasomotion, respectively.
Additionally, the distribution pattern was generated based on the
level of microcirculatory blood perfusion.

Wavelet transform spectral analysis

The combination of LDF with wavelet transform can be used to as-
sess microcirculatory dynamics related to physiological phenom-
ena. Accordingly, the wavelet transform was utilized to transform
microhemodynamic signals into the time-frequency domain, re-
vealing the contributions of biological oscillators to changes in mi-
crocirculation. The frequency spectrum was divided into several
spectra that corresponded to nitric oxide (NO)-independent and
NO-dependent endothelial, neurogenic, myogenic, respiratory, and
cardiac oscillators at frequencies of 0.005-0.0095, 0.0095-0.04,
0.04-0.15, 0.15-0.4, 0.4-2, and 2-5Hz, respectively. Based on the
microhemodynamic spectrum, the Morlet wavelet was scaled to
generate a Gaussian window that was shifted along the time and
frequency domains, and spectral amplitudes were determined by
averaging the wavelet coefficients. Therefore, a 3D amplitude spec-
tral scalogram of the wavelet-transformed microhemodynamic
data was constructed. The coordinates contained variations in time
(s), frequency (Hz), and spectral amplitude (AU). The amplitudes of
the six oscillators were compared among female and male BALB/c,
C57BL/6J, and KM mice.

Histology and immunohistochemistry

For morphological studies, tissues were fixed with 4% parafor-
maldehyde, embedded in paraffin, and cut into 5-um-thick slices
for hematoxylin and eosin (H&E) and immunohistochemical
staining. For antigen retrieval, the slices were deparaffinized,
rehydrated, and incubated in 10mM of boiling citrate buffer
(pH=6.0; Zhongshan Golden Bridge Biotechnology, Beijing,
China). The sections were then incubated with 3% hydrogen per-
oxide to inhibit endogenous peroxidase activity and blocked with
3% bovine serum albumin (BSA; TBD Science Technology,
Tianjin, China) in phosphate-buffered saline. The sections were
incubated in blocking buffer overnight at 4°C after incubation
with primary mouse monoclonal antibodies against PECAM-1
(1:100; Santa Cruz Biotechnology, Dallas, TX, USA) or anti-mouse
ESR1 and ESR2 monoclonal antibodies (1:25; Abcam, Waltham,
MA, USA). Next, the samples were incubated in horseradish
peroxidase-conjugated secondary antibodies (Zhongshan Golden
Bridge) and 3,3'-diaminobenzidine tetrahydrochloride solution
(zhongshan Golden Bridge), dehydrated, and mounted. Finally,
positive staining was detected by using a Leica DFC450 micro-
scope (Leica Microsystems, Leitz, Germany). For quantitative
evaluation, Image] software (National Institutes of Health,
Bethesda, MD, USA) with a plug-in named “IHC profiler” was
used to capture and analyse the digital images of the stained
sections. In addition, the intensity of PECAM-1-, ESR1-, and
ESR2-positive staining and the percentage of positive cells were
quantified by calculating the integrated density.
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16S rRNA gene sequence analysis

A QIAamp® DNA Stool Mini Kit (Qiagen, Hilden, Germany) was
used to extract microbial DNA from the fecal samples. Polymerase
chain reaction (PCR) was used to amplify the V3-V4 hypervariable
sections of the bacterial 16S rRNA gene with the primers 338F (5'-
ACTCCTACGGGAGGCA

GCAG-3') and 806R (5-GGACTACHVGG GTWTCTAAT-3'). PCRs
were performed in triplicate with 20-uL mixtures. An Agencourt
AMPure XP Kit (Beckman Coulter, Brea, CA, USA) was used to purify
the amplicons after extraction from 1% agarose gels. The V3 and V4
regions from the 16S rRNA gene were amplified and purified as de-
scribed previously. Following that, equimolar amounts of purified
amplicons were pooled and paired-end sequenced on an Illumina
MiSeq platform (Illumina, San Diego, CA, USA). Trimmomatic and
Pear were used to quality-filter the raw FastQ files before merging
them with Flash and Pear. Based on known database comparisons,
low-quality and undesirable sequences were removed and finally
analysed using QIIME.

ABX mice models

To elucidate the role of the gut microbiota in intestinal microhe-
modynamics, we further utilized mice subjected to a broad-
spectrum antibiotic regimen that involved three genetically
diverse mouse strains, each represented by both male and
female subjects, with six individuals per sex per strain. The mice
underwent a 3-day course of oral gavage, with each mouse
receiving 200 uL of an antibiotic cocktail daily. This cocktail was
composed of ampicillin, gentamicin, metronidazole, neomycin,
and vancomycin, each at a concentration of 1mg/mL, except for
vancomycin, which was administered at 0.5 mg/mL. This compo-
sition and the dosing regimen are consistent with protocols out-
lined in a previous study [17]. Post-treatment, all mice were
housed under specific pathogen-free conditions. This environ-
ment was strictly controlled and featured the same 12-h light-
dark cycle. Additionally, both water and chow were autoclaved
to prevent any inadvertent microbial contamination until the
intestinal microhemodynamics were determined.

Statistical analysis

The statistical analysis was performed by using GraphPad Prism
software (version 8.02; GraphPad Software, Inc., CA, USA). The data
that were derived from laser Doppler signals and wavelet analysis
are presented as the mean + standard error of the mean (SEM). The
Student’s t-test and two-way analysis of variance (ANOVA) were
employed to discern the differences in the parameters of interest
across multiple groups, with the Tukey post hoc test applied to
ANOVA for pairwise comparisons. The statistical significance
threshold was established at a P < 0.05. Furthermore, to explore the

Table 1. Baseline characteristics of different mouse strains and sexes

relationships between the bacterial genera and the intestinal micro-
hemodynamics  indices, Spearman  correlation
was conducted.

analysis

Results

Sex- and strain-dependent variations in baseline
physiological parameters

The baseline characteristics of the studied mouse strains are
shown in Table 1. At 8 weeks old, male mice consistently exhib-
ited greater body weights than did their female counterparts.
Compared with male mice, female mice exhibited elevated heart
rates, with significant sexual variations observed in the BALB/c
strain. Additionally, males exhibited increased diastolic blood
pressure and mean arterial pressure levels across all groups.
Analysis of pulse pressure revealed reduced differentials in
females compared with males within the BALB/c and C57BL/6]
strains. No significant differences in systolic blood pressure, dia-
stolic blood pressure, or mean arterial pressure were detected be-
tween the sexes in the C57BL/6] and KM strains.

Sex-specific expression of vascular and

hormonal markers in intestinal tissues

We quantified the number of villi and microvessels in the mucosal
layer to assess vascular density across different mouse strains
(Figure 1A). The ratio of villi to blood vessels was lower in female
C57BL/6J mice than in female BALB/c and male C57BL/6] mice. In
addition, blood microvessels from male C57BL/6] and KM mice dis-
played a more clustered distribution within the mucosal layer.
Conversely, the other groups exhibited a relatively dispersed distri-
bution of blood vessels in the mucosal layer. Immunohistochemical
staining of the intestine revealed PECAM-1 expression on both the
luminal surfaces and within the microvascular compartments of
the microvilli (Figure 1B). ESR1 and ESR2 staining was predomi-
nantly observed in parts of the microvilli (Figure 1C). Semi-
quantitative immunohistochemical analysis revealed that the
proportion of PECAM-1-reactive cells was significantly greater in
the intestines of female BALB/c mice than in those of male and
female C57BL/6] mice; however, no significant differences in
expression levels were observed among the other groups. Regarding
ESR1, male C57BL/6] mice displayed a significantly greater percent-
age of positive cells than their female counterparts and KM males,
and male BALB/c mice exhibited a significantly higher proportion of
cells with ESR1 reactivity than female BALB/c mice. As for staining
intensity, male BALB/c mice were lower than female BALB/c mice
(P<0.05), suggesting strain- and sex-specific regulation of this
receptor. In contrast, ESR2 expression levels did not differ

BALB/c C57BL/6] KM

Female Male Female Male Female Male
Weight (g) 18.53+0.33 21.62+0.13° 18.03+0.26° 27.23+0.442° 30.75+0.55¢ 37.00+0.6225¢
HR (bpm) 491.83+8.03 572.33+7.86° 672.33+7.85° 684.83+5.34° 531.17 +12.19% 558.33+13.28"
SBP (mmHg) 115.50+1.71 115.67 +1.05 102.50 +2.08° 106.5+0.81° 106.17 +1.08° 107.17 £3.13°
DBP (mmHg) 86.50+1.09 81.33+0.76° 78.67 +0.80° 76.67+1.17° 82.33+1.76 79.17 +1.35
MAP (mmHg) 96.50+1.06 93.17+0.70° 86.67+1.23° 86.83+0.83" 90.33+1.38" 88.67+1.09°
PP (mmHg) 29.00+1.46 34.33+0.99° 23.83+1.68° 29.8+1.54%° 23.83+1.45° 28.00+3.76

Data are presented as mean + SEM.

# P<0.05, comparison between male and female mice within the same strain.

® P<0.05, significant differences relative to the corresponding sex in BALB/c mice.
¢ P<0.05, significant differences relative to the corresponding sex in C57BL/6] mice.
HR = heart rate, SBP = systolic blood pressure, DBP = diastolic blood pressure, MAP = mean arterial pressure, PP = pulse pressure.
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Figure 1. Hematoxylin and eosin (HE) staining and immunolabeling analysis of intestinal tissue from BALB/c, C57BL/6J, and KM mice. (A) HE staining of
intestinal tissue sections revealing morphological details. (B and C) Semi-quantitative assessment of PECAM-1, ESR1, and ESR2 protein expression in
intestinal tissues. The analysis includes the percentage of positive cells within high-power fields and the relative staining intensity, normalized to

female BALB/c mice. Scale bar =10 um. *P < 0.05; **P < 0.01; ***P < 0.001.

significantly between groups, indicating a uniform expression
across strains and sexes (P> 0.05 for all comparisons).

Strain- and sex-specific patterns of intestinal
microvascular blood perfusion

LDF analysis highlighted distinct patterns of microcirculatory blood
perfusion across different mouse strains and sexes. Notably, female
BALB/c and C57BL/6] mice, in addition to male KM mice, demon-
strated consistently high levels of blood perfusion and distribution.

In contrast, male BALB/c and C57BL/6] mice, as well as female KM
mice, exhibited comparatively lower perfusion rates (Figure 2A). To
further dissect these observations, we employed wavelet analysis
to scrutinize the physiological activities within characteristic fre-
quency bands that regulate microcirculatory perfusion. This analy-
sis revealed differences in microvascular perfusion signals across
sexes and strains, as evidenced by distinct 2D spectra and 3D time-
frequency spectral scalograms (Figure 2B and C). Specifically, male
BALB/c mice displayed peak activity within the cardiac frequency
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Figure 2. Comparative analysis of intestinal microcirculatory blood perfusion and characteristic oscillatory amplitudes in different mouse strains. (A)
Microcirculatory blood perfusion patterns in BALB/c, C57BL/6], and KM mouse strains. The rectangular insert highlights the extracted pattern of
microcirculatory blood distribution. PU = perfusion unit. (B and C) 2D and 3D spectral scalograms representing the characteristic amplitude of
intestinal microcirculation profiles. (D) Quantitative analyses of characteristic oscillatory amplitudes in intestinal microcirculatory blood perfusion

profiles. *P < 0.05; **P < 0.01; ***P < 0.001.

band (0.6-2.0Hz) whereas the activity of female BALB/c mice
peaked in the endothelial cell-derived NO-independent frequency
band (0.005-0.0095 Hz). Differing from both, the peak values for the

C57BL/6] and KM strains occurred primarily in the endothelial cell-
derived NO-independent and cardiac segments, respectively, with
the exception of male C57BL/6] mice.
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Further quantitative analysis of these perfusion signals
(Figure 2D) revealed that both sexes of KM mice exhibited greater
amplitudes in the cardiac spectrum than female BALB/c (P < 0.01)
and male C57BL/6] (P < 0.05) mice. Compared with both C57BL/6]
females (P<0.01) and their male counterparts (P <0.05), BALB/c
females presented significantly lower amplitudes. In the respira-
tory spectrum, both male and female KM mice showed greater
amplitudes than did their C57BL/6] and BALB/c counterparts
(P<0.05 for males; P<0.001 for females). Additionally, strain-
specific sex differences were observed in BALB/c mice (P <0.05).
Conversely, within the myogenic spectrum, the KM females dis-
played significantly lower amplitudes compared with the other
strains (P <0.01 for BALB/c; P<0.05 for C57BL/6]) and KM males
(P <0.01). Neurogenic spectrum analysis showed that sex-related
differences were only significant in C57BL/6] mice (P < 0.05), with
no inter-strain difference observed. In the NO-dependent endo-
thelial spectrum, KM mice showed the lowest amplitude, which
was significantly lower than that of both male and female BALB/
c and female C57BL/6] mice (all P < 0.05). In addition, distinct sex-
related differences were noted among the C57BL/6] mice
(P <0.05). Finally, in the NO-independent endothelial spectrum,
BALB/c females exhibited significantly lower amplitudes than
C57BL/6] and KM females (P<0.05 and P<0.01, respectively),
confirming the complex interplay of strain and sex in the regula-
tion of intestinal microvascular perfusion.

Sex- and strain-related differences in intestinal
microvascular blood flow velocities

Our investigations into relative velocity, reflecting microvascular
autoregulatory dynamics, revealed distinct patterns across sexes
and strains. Female BALB/c and C57BL/6] mice exhibited elevated
microvascular autoregulatory blood flow velocities in compari-
son with their male counterparts. In contrast, velocity measure-
ments between male and female KM mice did not show
significant differences (Figure 3A). Wavelet transform analysis
elucidated a consistent pattern in the distribution of peak veloci-
ties within the intestinal velocity signal spectra across different
groups, with the highest peaks predominantly observed in the re-
spiratory amplitude. This pattern was prominent in female mice,
which consistently demonstrated higher relative velocity peaks
compared with males within the same strain (Figure 3B).
Additionally, 3D time-frequency mapping provided further in-
sight into the temporal dynamics of these velocity signals, show-
ing more regular patterns of variation in male BALB/c and female
C57BL/6] mice (Figure 3C).

Quantitative analysis of these data revealed inter-strain dif-
ferences. Compared with both BALB/c and C57BL/6] male mice,
KM male mice exhibited significantly greater respiratory spec-
trum amplitudes (P <0.05 for both strains). This trend extended
into the neurogenic spectrum, in which KM males also demon-
strated a greater amplitude relative to C57BL/6] males (P < 0.05).
Furthermore, in the NO-independent endothelial spectrum,
C57BL/6] male mice showed significantly lower amplitudes than
their BALB/c counterparts (P <0.05). Notable sex-specific varia-
tion was observed within the C57BL/6 strain, in which females
exhibited a greater amplitude in the NO-independent endothelial
spectrum than males (P <0.05). Despite these variations, no sig-
nificant difference in the cardiogenic, myogenic or NO-
dependent endothelial spectra were noted across the strains and
sexes (Figure 3D). These findings highlight the complex interplay
of sex and genetic background in modulating microvascular
blood flow velocities.

Differential patterns of erythrocyte aggregation
across mouse strains and sexes

Erythrocyte aggregation, which is characterized by the formation
of rouleaux or coin-stack structures of separated red blood cells,
significantly influences the non-Newtonian properties of blood
flow, thereby affecting microhemodynamics [18]. Our analysis
revealed distinct patterns of erythrocyte aggregation across dif-
ferent mouse strains and sexes. Specifically, BALB/c males and
KM mice exhibited a stable biorhythmic pattern of aggregation
that was absent in BALB/c females and C57BL/6] mice. Despite
these differences, the degree of erythrocyte aggregation within
each mouse strain was generally consistent between the sexes
(Figure 4A). The 2D spectrograms and 3D time-frequency plots of
erythrocyte aggregation signals further highlighted these differ-
ences (Figure 4B and C). The highest signal peaks were predomi-
nantly located in the NO-dependent endothelial segment for
BALB/c mice. However, for C57BL/6] and KM mice, these peaks
occurred mainly in the respiratory segment. These plots also de-
lineated distinct temporal patterns of erythrocyte aggregation
across the different mouse strains and sexes, reflecting the com-
plex interplay between genetic background and physiological sex
differences.

Quantitative analysis of these signals revealed significant var-
iations within the cardiac spectrum, in which BALB/c males
showed greater amplitudes than their female counterparts and
C57BL/6] males (P < 0.01 for both comparisons). Within the respi-
ratory spectrum, BALB/c males demonstrated greater amplitudes
than both BALB/c females (P<0.001) and C57BL/6J males
(P<0.001). Furthermore, BALB/c females exhibited lower ampli-
tudes than females of the other two strains (P <0.05 and P<0.01
for C57BL/6] and KM females, respectively). This trend persisted
in the myogenic spectrum, in which BALB/c females displayed
lower amplitudes than both BALB/c males (P<0.001) and KM
females (P<0.01). Moreover, compared with C57BL/6] males,
BALB/c males exhibited greater amplitudes across the myogenic,
neurogenic, and NO-dependent endothelial spectra (all P<0.05).
Significant sex-related differences were also observed within the
C57BL/6] strain across these spectra (P < 0.05; Figure 4D). These
findings highlight the role of genetic and sex differences in mod-
ulating erythrocyte aggregation and, consequently, in micro-
hemodynamics.

Stratified microbial diversity and its functional
implications across mouse strains

We processed a cumulative total of 1,669,256 high-quality reads
from all the samples, each averaging 421.95bp in length. At a 97%
sequence similarity threshold, these were categorized into 8,330 op-
erational taxonomic units (OTUs). The six groups shared 283 identi-
cal OTUs and the number of unique OTUs in each group was 424,
467, 457, 537, 424, and 639 (Figure 5A). We assessed a-diversity, in-
corporating both species richness indices (Chaol and
Observed_species) and species diversity indices (Shannon and
PD_whole_tree), across the BALB/C, C57BL/6], and KM strains, strat-
ifiled by sex (Figure SB). In female BALB/c mice, the metrics for
Chaol, Observed_species, and PD_whole_tree were greater than
those for C57BL/6] mice but fell short of the levels observed in KM
mice. This pattern was mirrored in the metrics for BALB/c males
compared with those for C57BL/6] males. Interestingly, C57BL/6] fe-
male mice exhibited the lowest Shannon index whereas their male
counterparts exhibited the lowest PD_whole_tree index. No signifi-
cant difference in these diversity indices were observed between
the sexes within any strain, highlighting variations in the gut micro-
biome diversity among mice with different genetic backgrounds.
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Figure 3. Comparative analysis of intestinal microcirculatory blood flow velocity between BALB/c, C57BL/6], and KM mice. (A) Measurement of
intestinal microcirculatory blood flow velocity in BALB/C, C57BL/6], and KM mice. The distribution pattern of microcirculatory blood flow velocity is
presented in the rectangular insert. (B and C) 2D and3D spectral scalograms illustrate the characteristic amplitude of the intestinal microcirculatory
blood flow velocity. (D) Quantitative analysis of the characteristic oscillatory amplitudes from the intestinal microcirculatory blood flow velocity
profiles. *P < 0.05; **P < 0.01; ***P < 0.001.

B-diversity conducted through principal coordinate analysis and mice (Figure 5C and D). Additionally, a sex-related bifurcation in
non-metric multidimensional scaling revealed the distinct micro- the microbiota structure was observed predominantly in C57BL/6]
bial community compositions among the strains. The microbiome mice. Analysis of similarities confirmed that these differences were

composition of the BALB/C mice diverged significantly from that of statistically significant (Supplementary Table S1), suggesting inher-
the C57BL/6] mice and the variation was less marked in the KM ent differences in bacterial composition between the three strains.
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Figure 4. Comparative analysis of intestinal microcirculatory erythrocyte aggregation in BALB/c, C57BL/6], and KM mice. (A) Intestinal microcirculatory
erythrocyte aggregation in BALB/c, C57BL/6J, and KM mouse strains. The rectangular insert provides a detailed view of the erythrocyte concentration
distribution pattern. (B and C) 2D and 3D spectral scalograms demonstrating the characteristic amplitude of intestinal microcirculatory erythrocyte
aggregation. (D) Quantitative analysis of the characteristic oscillatory amplitudes of intestinal microcirculatory erythrocyte aggregates. *P < 0.05;

**P < 0.01; ***P <0.001.

Taxonomic composition analysis at the phylum and genus levels
was performed to further elucidate the microbial profiles (Figure SE
and Supplementary Figure S1A). Compared with those in the other
groups, the microbial composition of female C57BL/6] mice differed,
with Bacteroidota and Firmicutes representing the predominant phyla,
followed by Proteobacteria and Actinobacteriota. In contrast,
Muribaculaceae showed the greatest abundance in the other groups,
whereas Akkermansia was more abundant in female C57BL/6] mice.
Linear discriminant analysis effect size (LEfSe) was performed to
identify the bacteria that were most likely responsible for the differ-
ences observed (Supplementary Figure S1B). These results indicate
that Desulfobacterota and Patescibacteria were predominantly
enriched in male KM mice whereas Verrucomicrobiota was signifi-
cantly associated with female C57BL/6] mice.

To explore the functional potential of these microbial communi-
ties, we analysed the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways (Figure 5F). The analysis revealed that the gut
microbiota was primarily involved in metabolic pathways, includ-
ing those related to amino acid, carbohydrate, cofactor, vitamin,
terpenoid, and polyketide biosynthesis. Furthermore, significant en-
richment was detected in pathways that were related to cellular
processes, genetic information processing, and environmental in-
formation processing, indicating the broad functional implications
of the gut microbiome in physiology.

Spearman's rank correlation analyses were used to determine
the relationships between the top 25 bacterial genera and the
parameters of intestinal microhemodynamics (Figure 5G). In female
BALB/c mice, a significant positive correlation was found between
intestinal microhemodynamic perfusion and velocity, and between
intestinal microhemodynamic perfusion and the abundance of the
Rikenellaceae_RC9_gut_group. However, in male BALB/c mice, micro-
hemodynamic perfusion was positively correlated with
Candidatus_Arthromitus. Among the C57BL/6] group, a compelling
correlation was observed between perfusions and the abundance of
Alloprevotella and Alistipes in females, while the genus RF39 occurred

in males. In KM females, a negative correlation with Muribaculaceae
and Bacteroides contrasted with a positive correlation with
Candidatus_Saccharimonas and RF39, suggesting complex interac-
tions between the microbiota and host vascular function.
Erythrocyte aggregation showed distinct microbial associations.
Specifically, erythrocyte aggregation was positively correlated with
the Rikenellaceae_RC9_gut_group, suggesting a beneficial role of this
genus in promoting erythrocyte function. Conversely, negative
associations with Muribaculaceae and Bacteroides were revealed
whereas positive correlations with Lactobacillus and Ruminococcus
were observed in KM females. These findings indicate that certain
bacteria may influence erythrocyte behavior, potentially through
metabolic byproducts that affect cellcell interactions within the
bloodstream. Notably, the correlations between the abundance of
bacterial genera and the level of blood perfusion and erythrocyte
aggregation in the small intestinal microcirculation were similar in
KM females. In KM male mice, a robust positive correlation was
revealed between microvascular perfusion and Clostridia_UCG-014,
indicating a specific microbial influence on vascular perfusion.
Furthermore, the correlation results between intestinal microhe-
modynamics oscillatory components and bacterial genera revealed
that not only Clostridia_UCG-014, but also Lachnospiraceae_
NK4A136_group and Rikenellaceae_RC9_gut_group were involved in
the physiological oscillatory spectra of intestinal microhemody-
namics, including perfusion, perfusion rate, and erythrocyte aggre-
gation (Supplementary Figure S2). These comprehensive analyses
delineate a clear relationship between intestinal microhemody-
namics and microbial composition that is significantly influenced
by both genetic background and sex.

Alterations in intestinal microhemodynamics
induced by antibiotic treatment

To further assess the influence of the gut microbiota on the mi-
crocirculation of the small intestine, we performed experiments
by utilizing broad-spectrum antibiotics (Abx) to deplete bacterial
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Figure 5. Assessment of the diversity of the gut microbiota in BALB/c, C57BL/6], and KM mice. (A) Venn diagram illustrating the shared and unique
operational taxonomic units (OTUs) among the six groups. (B-D) Alpha and beta diversity analyses depicting the intragroup and intergroup microbial
diversity among the six groups, respectively. (E) Bar chart showing the relative abundances of the top 20 microbiomes in BALB/c, C57BL/6J, and KM
mice at the phylum level. (F) Bubble chart showing the relative abundances of level 2 KEGG pathways as predicted using PICRUSt2. (G) Heat map
displaying the correlation analysis between the dominant bacterial genera and the parameters of intestinal microhemodynamics. BF = BALB/c female,
BM = BALB/c male, CF = C57BL/6] female, CM = C57BL/6] male, KF = KM female, KM = KM male. *P < 0.05; **P < 0.01; ***P < 0.001.

populations in vivo, enabling the observation of microhemody-
namic alterations across different genetically defined mouse
strains and sexes. As expected, quantitative analysis of microcir-
culatory parameters revealed significant alterations in perfusion
levels and velocities post-Abx treatment. Specifically, compared
with their untreated counterparts, female C57BL/6] mice exhib-
ited a reduction in blood perfusion (Figure 6A). Furthermore, per-
fusion velocities were consistently decreased across all
antibiotic-treated mice, with the exception of male C57BL/6]

mice. An increase in erythrocyte aggregation was observed in fe-
male BALB/c, male C57BL/6], and female KM mice following Abx
administration.

Wavelet analysis of endothelial function suggested a de-
crease in NO-dependent endothelial cell amplitudes in Abx-
treated female C57BL/6] mice in terms of perfusion levels and
velocities, and NO-independent endothelial cell amplitudes in
erythrocyte aggregation. C57BL/6] males showed a decrease in
both NO-dependent and NO-independent endothelial cell-
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Figure 6. Analysis of intestinal microhemodynamic alterations in Abx-treated mice. (A) Comparative analysis of intestinal microhemodynamics
between Abx-treated mice and untreated mice. (B) Analysis of the characteristic oscillatory amplitudes from the intestinal microhemodynamics. BF =
BALB/c female, BM = BALB/c male, CF = C57BL/6] female, CM = C57BL/6] male, KF = KM female, KM = KM male. *P < 0.05; **P < 0.01; ***P < 0.001.

derived amplitudes for microvascular blood perfusion whereas
KM females showed increased amplitudes for erythrocyte aggre-
gation. An interesting finding was the elevation of cardiac-
derived amplitude responses across all antibiotic-treated
groups, suggesting a systemic response to gut microbiota deple-
tion that affects cardiovascular dynamics (Figure 6B). The com-
prehensive dataset (Supplementary Figures S3-S5) highlights
the distinct intestinal microhemodynamic responses to antibi-
otic treatment among different mouse strains and sexes. This
finding suggests that both genetic background and sex signifi-
cantly influence how depletion of the gut microbiota impacts in-
testinal microcirculation, substantiating the hypothesis that the
gut microbiota plays a critical role in regulating intestinal
microhemodynamics.

Discussion

The gut microbiota has been increasingly recognized for its signifi-
cant role in influencing microhemodynamics. The current study
revealed that the microhemodynamics of the intestine vary among
the BALB/c, C57BL/6J, and KM mouse strains and between the
sexes. These variations in intestinal microhemodynamics were as-
sociated with distinct gut microbiota compositions. Our results in-
dicated that intestinal microhemodynamic properties, such as
microvascular blood perfusion, velocity, and erythrocyte aggrega-
tion, exhibit strain- and sex-specific differences in mice, which is
consistent with previous reports [19-21]. Our results demonstrate
that these physiological variations are closely associated with spe-
cific gut microbiota compositions, suggesting a complex interplay
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among genetics, sex, and microbial communities in regulating in-
testinal microcirculation.

The observed variations in intestinal microcirculation ob-
served in this study could be ascribed to a myriad of factors, in-
cluding the inherent structural and functional adaptability of
microvessels to sustained alterations in blood pressure.
Furthermore, the influence of sex on the control of microvascular
function has emerged as a crucial aspect [22]. The unexpectedly
higher percentage of ESR1-reactive cells in male mice compared
with females, despite the general association of estrogens with
ESR1 upregulation, suggests a multifaceted regulatory interplay
involving sexual hormonal and genetic factors. Research indi-
cates that there are significant differences in the expression of
various genes and proteins in the intestine between male and fe-
male mice, which could influence the expression of ESR1. For in-
stance, a study on the influence of sex on post-resection
adaptation in mice found that, although salivary epidermal
growth factor levels were lower in females, the adaptive
responses in the intestine, such as increases in DNA and protein
content, villus height, and crypt depth, were not significantly dif-
ferent between sexes [23]. Additionally, sexually dimorphic gene
expression in the intestine of prepubescent mice revealed that
several genes, including those linked to intestinal diseases,
exhibited sex-specific expression patterns, suggesting underlying
epigenetic mechanisms [24]. Another study on the regulation of
dihydroxyphenylalanine decarboxylase in the intestine found
that male mice displayed higher levels of dihydroxyphenylala-
nine decarboxylase activity than females, which was dependent
on androgens, suggesting a potential link between androgen lev-
els and ESR1 expression [25]. Androgens, which are predominant
in males, may upregulate ESR1 expression in the intestine, con-
trasting with the typical estrogen-mediated pathways observed
in other tissues. Additionally, the gut microbiota, which exhibits
sex-specific compositions, could modulate local estrogen metab-
olism and ESR1 expression, further contributing to this diver-
gence. The tissue-specific responses and local regulatory
mechanisms within the intestinal microenvironment might also
lead to this paradoxical expression pattern. Importantly, higher
ESR1 expression in males could enhance estrogenic effects on in-
testinal microcirculation, improving vasodilation, reducing in-
flammation, and maintaining microvascular integrity, thus
influencing microhemodynamics and disease susceptibility.
Estrogens are recognized for their ability to enhance intestinal
blood flow through several mechanisms, such as increasing nitric
oxide production, reducing the generation of vasoconstrictors, at-
tenuating neutrophil adhesion, and curbing the formation of oxy-
gen free radicals [26, 27]. Sex-related differences in
hemorheological properties have also been documented in nu-
merous clinical studies. For instance, compared with male blood,
female blood typically exhibits lower viscosity and hematocrit
levels, as well as reduced erythrocyte aggregation and enhanced
erythrocyte deformability [28].

Wavelet analysis, which facilitates the identification and
characterization of non-stationary and intermittent signals, has
been used to detect complex physiological signals. The microhe-
modynamic signals documented in the intestine exhibit a multi-
scale nature and are influenced by a variety of physiological
processes, including cardiac ejection, respiratory cycles, local
myogenic activity, and endothelial influences. Previous research
has highlighted that disruptions in these oscillatory activities can
precipitate a range of pathological conditions, such as hyperten-
sion and diabetes [29, 30]. A pivotal discovery in our research was
the identification of distinct patterns of oscillatory activities

across different mouse strains and sexes. These oscillations,
which are indicative of rhythmic contractions and relaxations of
the intestinal microvessels, regulate tissue perfusion and oxy-
genation. Moreover, our study revealed significant correlations
between specific oscillatory components and the abundance of
certain gut bacterial genera. These correlations suggest a poten-
tial interplay between intestinal microhemodynamics and the
gut microbiota, highlighting a novel aspect of the gut microvas-
cular axis that warrants further exploration.

The communication between the gut microbiota and intesti-
nal microcirculation suggests potential mechanistic pathways
through which microbial diversity influences microvascular
health. Dysbiosis, which is characterized by an imbalance in the
microbial community, is implicated in the pathogenesis of sev-
eral vascular disorders, including endothelial dysfunction, hyper-
tension, atherosclerosis, and metabolic syndrome. Key microbial
metabolites such as trimethylamine N-oxide (TMAO) and indoxyl
sulfate have been identified as modulators of endothelial func-
tion. These metabolites impact the vascular system by altering
nitric oxide production, influencing the expression of adhesion
molecules, and triggering inflammatory responses [31-33].
Furthermore, disruptions in the gut microbiota have been associ-
ated with a range of systemic effects including gastro-intestinal
disorders, metabolic syndrome, and inflammation. These condi-
tions contribute to microangiopathy and damage to intestinal
microvascular endothelial cells, which often result from persis-
tent low-grade inflammation and oxidative stress [34, 35]. The re-
lationship between the gut microbiota and microcirculation is
further complicated by the role of sex hormones such as estro-
gen, which has been shown to promote microbial diversity and
influence microvascular health. Our findings indicate that, de-
spite observable differences in microbial colony composition be-
tween male and female mice, no significant differences in overall
microbial diversity were noted between the sexes. This observa-
tion suggested that, although the presence and proportion of spe-
cific microbial communities may differ between sexes, the
overall complexity and richness of the microbial ecosystem re-
main constant. This constancy could be crucial for maintaining
endothelial health across different physiological conditions. The
absence of significant sex-related differences in microbial diver-
sity might also reflect a fundamental resilience of the gut micro-
biome to variations in hormonal levels that typically distinguish
male from female physiology.

In addition, the gut microbiota plays a pivotal role in diverse
physiological processes, such as modulating gut motility, nutri-
ent absorption, and the immune response [36], which can subse-
quently impact intestinal microhemodynamics. Therefore,
differences in gut microbiota composition could explain the var-
iations in intestinal microhemodynamics observed among mouse
strains and between the sexes. Certain gut commensal bacteria,
including Bacteroides and Prevotella, are known producers of succi-
nate whereas the Ruminococcus family is recognized for its buty-
rate production. These bacteria play a significant role in
modulating short-chain fatty acid production, which directly
influences systemic circulation. These metabolites have specific
functional roles in controlling the vascular system, promoting
angiogenesis, and managing blood rheology [37, 38].
Furthermore, studies have shown that supplementation with
Lactobacillus can promote endothelium-dependent vasodilation
by increasing NO bioavailability, mediated via changes in circu-
lating metabolites. This finding supports the concept that certain
gut microbiota can influence vascular health and microhemody-
namics [39]. Our findings align with previous research indicating



12 | S.Fuetal

that host genetics and sex hormones can shape the composition
of the gut microbiota [40]. Moreover, we identified specific corre-
lations between the gut microbiota and microhemodynamic
parameters, potentially suggesting a role for the gut microbiota
in modulating intestinal microhemodynamics.

Furthermore, the gut microbiota is a key factor in regulating
endothelial cell function and microvascular development, not
only in the intestinal mucosa, but also in the microvasculature of
distant organs [41]. In the intestine, the presence of gut micro-
biota and the subsequent activation of innate immune pathways
support the formation of detailed capillary networks and lacteals
[42]. This process significantly influences the integrity of the gut
vascular barrier and the uptake of nutrients. The complexity of
the role of microbiota underscores its importance in maintaining
gut health and broader systemic processes [43].

Our investigation clarifies the manner in which genetic and
sex-specific factors in conjunction with the gut microbiota mod-
ulate intestinal microhemodynamics and sheds light on their po-
tential implications in clinical disorders. The governance of blood
flow within the intestinal microvascular bed is mediated by con-
tractile elements in capillaries [44]. During acute hemorrhagic
events, the microcirculatory blood flow in the jejunal mucosa
exhibits stability, suggesting effective autoregulation. In contrast,
other regions such as the pancreas are subject to substantial
reductions in flow [45]. The oscillatory flow conditions observed
during hemorrhagic shock and subsequent resuscitation empha-
size the critical role of dynamic flow analysis in devising effica-
clous treatment protocols [46]. Moreover, hepatic ischemia-
reperfusion has been shown to induce profound microvascular
alterations in the small intestine that impact functional capillary
density, red blood cell velocity, and leukocyte-endothelial inter-
actions, thereby highlighting the systemic nature of ischemic
events. This body of evidence suggests the complex interplay be-
tween physiological and pathological states that influences intes-
tinal microhemodynamics, revealing the impact of systemic
health on local vascular functions and vice versa, and suggesting
the need for personalized therapeutic strategies that consider ge-
netic and sex-based differences.

One potential limitation of this study is the lack of functional
assays to validate the physiological implications of the observed
differences in intestinal microhemodynamics and the gut micro-
biota. Future studies that incorporate functional assays and
metagenomics could provide a more comprehensive understand-
ing of the roles of the gut microbiota and microhemodynamics in
health and disease. In conclusion, our study revealed significant
strain- and sex-related differences in intestinal microhemody-
namics and the gut microbiota in mice. These findings could pro-
vide a foundation for further research into the complex
interactions among host genetics, sex, microhemodynamics, and
microbiota in the context of intestinal physiology and path-
ophysiology.
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