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Abstract

Dysbiosis of the intestinal microbiota has been shown to result in altered immune responses 

and increased susceptibility to infection; as such, the state of the intestinal microbiome may 

have profound implications in the perioperative setting. In this first-in-class study, we used 16s 

ribosomal RNA sequencing and analysis in a mouse model of general anesthesia to investigate 

the effects of volatile anesthetics on the diversity and composition of the intestinal microbiome. 

After 4-hour exposure to isoflurane, we observed a decrease in bacterial diversity. Taxonomic 

alterations included depletion of several commensal bacteria including Clostridiales. These data 

identify volatile anesthetics as potential contributors to microbial dysbiosis in the postoperative 

patient.
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Commensal microbes protect host organisms from intestinal pathogens directly by 

interactions with pathologic species and indirectly via effects on local immune cells. They 

can also mediate systemic immune responses by influencing T-cell development, neutrophil 

activation, and cytokine production.1 The involvement of the intestinal microbiota in these 

responses has profound implications in the perioperative period, when immune function is 

critical. More than 25 million patients undergo surgery annually in the United States, and 

an estimated 5%–9% will develop a postoperative infectious complication.2 Surgical site 

infections alone account for 20% of all hospital-acquired infections and cost an estimated 

$5 billion dollars annually,3 and identifying ways to reduce infectious complications after 

surgery has become a major public safety concern.

With the advent of technologies like high-throughput sequencing of 16s ribosomal RNA, 

a gene marker shared by all bacterial micro-organisms, researchers are now able to 

characterize complex microbial communities. Using these techniques, numerous animal 

and human studies have demonstrated that a variety of factors including diet, antibiotic 

administration, and ongoing systemic illness can result in decreased bacterial diversity and 

derangements in microbial composition and/or function, a state referred to as microbial 

dysbiosis.4 In turn, dysbiosis has been associated with, and in some cases found to 

directly cause, an increased susceptibility to infection.5 In animal models, increased rates 

of systemic microbial translocation6 and disseminated infection7 were found to be the 

direct result of antibiotic-induced depletion of specific commensal microbes, such as taxa 

from the Clostridiales order. Clinical studies have shown that in patients with weakened 

immune function—those receiving immunosuppressive therapies5 or with infection-related 

hospitalizations8—dysbiosis is associated with a greater risk of sepsis. Surgery, particularly 

of the gastrointestinal tract, has also been cited as a cause of dysbiosis, which is thought 

to contribute to the development of adverse postoperative outcomes including surgical 

site infections and bacteremia.9 In fact, in a study of patients undergoing hepatectomy, 

preoperative administration of synbiotics attenuated intestinal microbial imbalances and 

reduced postoperative infectious complications.10 These findings underscore the need for 

further investigation into how all aspects of perioperative medicine, particularly the factors 

that may be modifiable, exert potentially beneficial or harmful effects on the microbiota.

In the studies described in this report, we tested the hypothesis that exposure to the volatile 

anesthetic isoflurane alters the microbiota. To address this question, we used a mouse model 

of isoflurane general anesthesia and used 16s ribosomal RNA sequencing and analysis 

of fecal samples to assess for changes in the intestinal microbiota. Our primary outcome 

was bacterial diversity, as measured by alpha diversity metrics that quantify the number of 

distinct taxa present (richness).11 Our secondary outcomes included taxonomic profiling and 

quantification of relative abundances at the phylum, order, and family level to determine the 

populations most affected by exposure.

METHODS

All study protocols were approved by the Animal Care and Use Committee at the 

Johns Hopkins University and conducted in accordance with the National Institutes of 

Health guidelines for care and use of animals. C57BL/6 mice (n = 13) were used in all 

Serbanescu et al. Page 2

Anesth Analg. Author manuscript; available in PMC 2022 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



experiments (20–22 weeks old). Both sexes were equally represented. Mice were housed in 

a temperature- and humidity-controlled room and fed a standard diet ad libitum, with free 

access to water.

ISOFLURANE EXPOSURE

Mice were induced with 3% isoflurane in an induction chamber until righting reflect 

was lost and then transferred to exposure via rodent nose cones for maintenance at 1.5% 

isoflurane for 4 hours. An isoflurane-specific calibrated vaporizer was used to deliver agent 

mixed with 100% oxygen at 5 L/min as described previously.12 No other medications were 

given before, during, or after the anesthetic exposure, and all mice had unrestricted access to 

food and water during this period. Oral intake was assessed hourly, and all mice were noted 

to have resumed normal feeding by 6 hours following general anesthesia. Fecal samples 

were collected from each mouse at 3 time points: 24 hours before general anesthesia (“pre” 

group), then 24 hours and 7 days after exposure. These time points were chosen based on 

mouse gastrointestinal transit time, which is 22 hours for complete elimination of an oral 

tracer.13 To assess the stability of the normal mouse microbiota, samples were also collected 

from 3 naive mice at the same times. Naive mice were littermates of experimental mice, 

and cagemates in the months before and following the study, but were not placed in the 

induction chamber or exposed to isoflurane directly. All samples were sterilely collected 

in E-swab tubes (Copan Diagnostics Inc, Murrieta, CA) and stored at −80°C according 

to manufacturer’s protocols until delivery to American Type Culture Collection Center for 

Translational Microbiology for 16s ribosomal RNA profiling.

16S RIBOSOMAL RNA GENE SEQUENCING AND ANALYSIS

The Figure, panel A, depicts steps involved in workflow. Please see Supplemental 

Digital Content 1, Section S1, http://links.lww.com/AA/C656, for detailed methods and 

Supplemental Digital Content 2, Table S1, http://links.lww.com/AA/C657, for raw 16s 

ribosomal RNA data per mouse.

STATISTICAL ANALYSIS

Data were analyzed using the statistical software GraphPad Prism 6.0 (GraphPad Software, 

Inc, La Jolla, CA). In this time series design, repeated measures 1-way ANOVA was used 

to assess for changes in the intestinal microbiota over time (within-subject effect). Multiple 

comparisons (comparisons—pre- versus 24 hours, pre- versus 7 days, and 24 hours versus 7 

days) were adjusted for by Bonferroni post hoc analysis; multiplicity-adjusted P values are 

reported herein. The criteria of significance were set a priori as P < .05 (adjusted), such that 

with the planned sample size of 10, we had 90% power to detect an effect size of ≥1.5. To 

assess the stability of the normal mouse microbiota, samples from naive cagemates taken at 

the same time points were compared using nonrepeated measures (ordinary) 1-way ANOVA 

with Bonferroni analysis to correct for multiple comparisons, as previous. In addition, to 

determine the effects of time and isoflurane exposure on the results, experimental and 

naive groups were analyzed using ordinary 2-way ANOVA. Naive and experimental means 

were compared at each time point using Bonferroni correction (naive pre- versus general 
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anesthesia pre-, naive 24 hours versus general anesthesia 24 hours, and naive 7 days versus 

general anesthesia 7 days).

RESULTS

In the experimental group, 3 samples were collected from each of 10 mice (1 per time 

point—preexposure, 24 hours, and 7 days, as previous). Bacterial diversity was assessed 

by 2 measures of alpha diversity: (1) operational taxonomic units, or the actual number 

of different taxa observed, and (2) Chao1 index, or the predicted number of taxa after 

accounting for rare organisms that may have been missed due to undersampling.14 Naive and 

experimental groups exhibited similar bacterial diversity at baseline, and richness remained 

stable over time in naive cagemates (Supplemental Digital Content 3, Figure S1, http://

links.lww.com/AA/C658). In contrast, mice exposed to isoflurane demonstrated a significant 

reduction in diversity at 7 days (adjusted P = .015 and adjusted P = .043, respectively; 

Figure, panel B). Comparison between experimental and naive groups confirmed that 

isoflurane exposure, but not time, has a significant effect on diversity (Supplemental Digital 

Content 3, Figure S1, http://links.lww.com/AA/C658).

Taxonomy analysis was performed to assess the specific communities affected by general 

anesthesia. At the phylum level, >90% of all samples belonged to 1 of 8 phyla. Taxa from 

the Bacteroidetes and Firmicutes phyla comprised the majority, with smaller contributions 

from Cyanobacteria, TM7, Proteobacteria, Deferribacteres, Tenericutes, and Actinobacteria 
(Figure, panel C). In naive mice, relative abundances of all major taxa did not change 

over time (Supplemental Digital Content 3, Figure S2, http://links.lww.com/AA/C658). 

After exposure to general anesthesia, we observed a contraction in the Firmicutes phyla 

at 24 hours and 7 days, which was found to be due almost entirely to a decreased 

representation of taxa belonging to the Clostridiales order (Figure, panel D). The reduction 

in these populations after general anesthesia exposure was also significant when compared 

to naive samples at the same time points (Supplemental Digital Content 3, Figure S3, 

http://links.lww.com/AA/C658). General anesthesia exposure also resulted in increased 

representation of Proteobacteria at 7 days compared to preexposure and 24 hours and in 

Actinobacteria at 7 days when compared to 24 hours (Figure, panel D). At the family level, 

there was a transient reduction in Rikenellaceae at 24 hours (adjusted P = .001), whereas the 

abundance of Bacteroidales S24-7 increased at 24 hours and 7 days after general anesthesia 

(adjusted P = .026 and adjusted P = .048, respectively).

DISCUSSION

In this first-in-kind study, we used 16s ribosomal RNA profiling to assess the effects 

of general anesthesia on the intestinal microbiota. By comparing pre- and postexposure 

microbial communities, we obtained evidence that isoflurane general anesthesia is 

associated with decreased bacterial diversity and alterations in specific taxa. The 

mechanism(s) driving these changes remain unknown. Direct inhibition via binding of 

isoflurane to bacterial receptors is not impossible, particularly in light of a recent 

study that demonstrated that nearly all classes of chemically diverse antipsychotics have 

anticommensal activity in vitro.15 Alternatively, isoflurane effects may be indirectly 
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mediated, through changes enacted on intestinal integrity or availability of local nutrients 

and/or circulating factors, thereby inhibiting the growth of some bacterial species and 

favoring others. While further studies are also needed to delineate the clinical significance 

of isoflurane’s effects on the microbiota, it is interesting to note that similar changes 

in bacterial composition have been reported in other models and linked to deleterious 

consequences. In several chronic diseases, a reduced population of Firmicutes relative to 

Bacteroides has been associated with impaired immune function and worsened disease 

progression.9 Depletion of Clostridiales from the intestinal microbiota has been associated 

with increased susceptibility to infections, particularly in immunocompromised hosts.7 Last, 

a pattern of decreased Clostridiales and increased Proteobacteria has been described in 

aging mice and humans and is thought to explain the increased numbers of opportunistic 

pathogens in these populations.16 Our study has some limitations that should be noted. 

Small rodent anesthesia using the techniques described previously involves the use of 100% 

oxygen and results in some modest physiologic perturbation, which we have quantified 

in previous work.12 Thus, the possibility that the changes we observed are in some way 

influenced by these factors cannot be excluded, although of course neither supplemental 

oxygen nor physiologic perturbation is absent from clinical anesthesia practice. To address 

this question and others raised by our study, we are currently investigating how isoflurane 

exerts effects on the gut microbiota, the immune consequences of these changes, and 

whether other anesthetic agents enact similar derangements. These and other studies will 

be crucial to establishing how various aspects of perioperative care influence infectious 

complications via effects on the microbiota.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure. 
Changes in the mouse gut microbiota after exposure to isoflurane. A, Experiment workflow: 

fecal samples were collected from mice at 3 time points. Samples were sent to ATCC 

for processing where DNA was extracted. PCR primers complementary to the V3 and V4 

conserved regions of the 16S ribosomal RNA gene were used to amplify the intervening 

variable sequence using an Illumina (San Diego, CA) platform. Output sequences were then 

analyzed using the QIIME software package/pipeline.17 After a preprocessing step (primers 

and low-quality reads trimmed), reads were binned into observed clustered sequences 

(OTUs). Taxonomy was assigned using the 16S rRNA gene database Greengenes (http://

greengenes.lbl.gov) and OTU tables were used for alpha diversity calculations. B–D, 

Samples were collected at 3 time points: before isoflurane exposure (pre-), and 24 hours 

and 7 days after (n = 10 mice). Repeated measures 1-way ANOVA was used to compare 

data from each animal across time points (within-subject effect), and multiple comparisons 

(comparisons—pre- versus 24 hours, pre- versus 7 days, and 24 hours versus 7 days) were 
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adjusted for by Bonferroni post hoc analysis. Multiplicity-adjusted P values are reported 

(* = adjusted P < .05 and ** = adjusted P < .01); graphs show mean ± SEM. B, Alpha 

diversity, as measured by Chao1 scores estimating the predicted number of taxa accounting 

for rare organisms (left) and OTU count (right), is significantly reduced at 7 days following 

general anesthesia compared to preexposure (pre- versus 7 days adjusted P = .015 for Chao1 

and adjusted P = .043 for OTUs). C, Stacked column graph showing relative abundance of 

bacterial species in the mouse gut microbiota at the phyla level. Total 16S ribosomal RNA 

gene copies per sample displayed above. D, Boxplots showing significant changes in relative 

abundances of taxa. Compared to preexposure, there is a decreased abundance of Firmicutes 
at 24 hours and 7 days following general anesthesia (pre- versus 24 hours adjusted P = 

.028; pre- versus 7 days adjusted P = .006), largely due to the decrease in taxa from the 

Clostridiales order (pre- versus 24 hours adjusted P = .036; pre- versus 7 days adjusted P 
= .004), whereas abundance of Proteobacteria has increased compared to preexposure (pre- 

versus 7 days adjusted P = .0293). Boxplots indicate median with edges at 25th and 75th 

percentiles, and whiskers determined by the Tukey method. ATCC indicates American Type 

Culture Collection; Chao1, predicted number of taxa after accounting for rare organisms; 

OTUs, operational taxonomic units; PCR, polymerase chain reaction.
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