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Dietary intake of live microbes may benefit human health, but less is known about the role in insulin
resistance. This study was developed with the goal of evaluating potential relationships between IR
and dietary live microbes. The National Health and Nutrition Examination Survey (NHANES) dataset
was leveraged to collect data from 6,333 subjects 18 + years of age. The Sanders system for the
classification of dietary live microbe intake (containing Low (< 10* CFU/g), Medium (10%-107 CFU/g), or
High (>107 CFU/g) levels of live microbes) was then used to separate these patients into three groups
(low, medium, or high). Fasting blood glucose and insulin levels were used to approximate IR based
on the homeostasis model of insulin resistance (HOMA-IR). Weighted linear regressions were used
to assess the relationship between IR and live microbe intake. After fully adjusting for confounding
factors, subjects in the groups exhibiting medium and high levels of live microbe intake exhibited
HOMA-IR scores that were below those of subjects in the low group. The relationship between live
microbe intake and HOMA-IR scores was also potentially impacted by ethnicity. In summary, a
negative correlation was detected between dietary live microbe intake and HOMA-IR values.

Keywords Gut microbiome/microbiota, Fasting glucose, Fasting insulin, Homeostasis model assessment
(HOMA-IR), Nutritional epidemiology, United States

While microbe-free sterile food products are generally sought after for their potential benefits to public health,
the lack of exposure to microbes can also have unforeseen negative health effects'. Encountering symbiotic or
harmless microbes generally has no adverse impact on human health, and can instead serve a beneficial immu-
nostimulatory role*’. When live microbes are consumed as a part of the diet, they can reach the gut and colonize
this compartment, interacting with other resident microbes and potentially exerting positive effects**. Benefits
associated with such microbial colonization can include enhanced intestinal function, reduced inflammation
and oxidative stress, superior inmunoregulatory activity, and greater insulin sensitivity®’. The World Health
Organization and the UN Food and Agriculture Organization have defined probiotics as “live microorganisms
which, when administered in adequate amounts, confer a health benefit on the host”, highlighting the increas-
ingly important role that these microbes play in shaping human health®’.

Type 2 diabetes mellitus (T2DM) and other metabolic diseases, such as obesity and hyperlipidemia, are often
closely associated with pathogenic insulin resistance!®'%, which is a partially modifiable risk factor. The gold-
standard approach to defining IR is based on a hyperinsulinemic-euglycemic clamp strategy, but the homeostasis
model assessment of insulin resistance (HOMA-IR)!* was designed as an alternative strategy that can be more
readily implemented. As a result, HOMA-IR values are widely used in both epidemiological and clinical settings,
providing insight into IR status based on measurements of fasting values of insulin and glucose!*!°. A previous
meta-analysis indicated that probiotics and synbiotics consumption has favorable effects on improving fasting
plasma glucose, fasting insulin serum level, hemoglobin Alc (HbA1lc) and HOMA-IR'S. A significant reduction
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in HOMA-IR, triglycerides, and high-density lipoprotein levels was also observed in fecal microbiota transplan-
tation group'”*®. The consumption of Kefir, a fermented beverage rich in live microbe, can reduce fasting blood
sugar and insulin level'. However, live microbes are not only present in fermented foods, but also in a diverse
range of other food items, such as raw, unpeeled vegetables and fruits?*-?2. Although extensive research has been
conducted on the relationship between probiotics and diabetes mellitus and IR?-%, less attention has been given
to the live microbe in food?. The association between IR and live microbe intake has not been explored explicitly.
As such, the present study was developed with the goal of examining the relationship between the dietary intake
of live microbes and IR among healthy nondiabetic American adults. These analyses were conducted using data
from the large-scale nationally-representative NHANES 2003-2020 study in the US, providing cross-sectional
survey data enabling the examination of the effects of a wide variety of potential confounding variables on this
link between IR status and microbe intake.

Materials and methods

Data sources and study subjects

Conducted by the US National Center for Health Statistics (NCHS), the National Health and Nutrition Examina-
tion Survey (NHANES) enrolled a representative participant population through a stratified, multistage cluster
probability sampling approach to recruitment. The goal of this study was to enable the monitoring and evalua-
tion of the health and nutrition of members of the US population. The study received approval from the Ethics
Review Committee of the NCHS, and all participants provided written informed consent.

The 2003-2020 NHANES cycles enrolled 57,456 total adults 18 + years of age. For the present study, par-
ticipants were excluded if they (1) had been diagnosed with T1IDM or T2DM as HOMA-IR values may not be
indicative of true IR status in these patients (n=14,865), (2) participants using medications, some of which may
impact IR (including metabolic analogs, antiretroviral agents, antineoplastic agents, antipsychotics, and anti-
diabetic drugs) (n=20,684), (3) participants with missing fasting insulin or fasting blood glucose (FBG) data,
thus preventing the calculation of HOMA-IR values (n=13,639), (4) participants with missing data regarding
the dietary intake of live microbes (n=293), and (5) participants missing important data including data related
to current smoking status, education, body mass index (BMI), recreational activity, or income-to-poverty ratio
(PIR) values (n=1396).

Dietary live microbe intake analyses

In the NHANES database, 24-h dietary data were used to estimate nutrient and energy intake levels using the
US Department of Agriculture Food Surveys Nutrient Database. Four experts in this field (CH, RH, MES, and
MLM) estimated the live microbe levels present per gram for each of 9,388 food codes across 48 subgroups
included in this dataset?’. Given the inherent variability in these microbe levels, foods were broadly classified as
containing Low(< 10* CFU/ g, referring to pasteurized foods), Medium (10*-107 CFU/g, referring to fresh fruits
and vegetables eaten unpeeled), or High (> 107 CFU/g, referring to unpasteurized fermented foods and probi-
otic supplements) levels of live microbes. These determinations were made with reference to published studies,
definitive reviews, and inferences made based on knowledge of pasteurization and other techniques used in the
context of food processing (for example, pasteurization). Any discrepancies were resolved through discussion
within the team and consultation with Fred Breidt, an expert microbiologist from the USDA¥. Subsequently,
we categorize participants’ food based on their corresponding live microbial content, as outlined in Supplemen-
tary Table S1. Participants were ultimately stratified into three groups, including low, participants exclusively
consumed foods categorized as Low levels of live microbes content; medium, participants consumed any foods
categorized as Medium levels of live microbes content, but not High; high, participants consumed any foods
categorized as High levels of live microbes content.

Analyses of insulin resistance

HOMA-IR values were used to establish the IR status of study participants. For the present analyses, IR was
defined by HOMA-IR values above the 75th percentile, which was equal to 3.01%%. The formula for HOMA-IR
score calculation was as follows: HOMA-IR = [fasting insulin (pU/L) x fasting glucose (mmol/L)]/22.5. Given
that insulin secretion is impaired in diabetic patients such that HOMA-IR values may not adequately capture the
IR status of these individuals, diabetic subjects were excluded from this study. Diabetes was diagnosed by self-
reported diagnosis, self-reported use of insulin or other diabetes medications, fasting blood glucose>126 mg/
dL, HbA1c>6.5%, or serum glucose levels > 200 mg/dL at 2 h following a 75 g oral glucose load?.

Covariates

Covariates with the potential to impact the association between HOMA-IR values and the dietary intake of live
microbes were selected with reference to published studies and clinical experiences. These potential confounding
factors included sex (male or female); age; ethnicity (Mexican American, Non-Hispanic Black, Non-Hispanic
White, Other Hispanic, Other); familial PIR values (< 1.2, or > 1.2); education (below high school, high school,
or greater than high school); participation in recreational activities (no or yes); current smoking status (no or
yes), energy intake (kcal/day); BMI (kg/m?); fasting insulin levels (uU/L); FBG levels (mmol/L); HbAlc levels,
fasting levels of total cholesterol (mg/dL); and fasting triglyceride levels (mg/dL). Fasting blood samples were
collected via venipuncture for appropriate analyses of serum and plasma parameters. PIR values were computed
by dividing individual or family income by poverty standards for a particular year. BMI was computed as body
weight (kg) divided by height (m) squared. Recreational activity included individuals participating in moderate/
vigorous activity and muscle strengthening activity.
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Statistical analyses

To account for the complex multi-stage cluster design of the underlying data, appropriate NHANES sample
weights were applied. Categorical data were reported as numbers (weighted percentages) and compared with
chi-squared tests, whereas continuous variables were reported as means + standard error (SE) and compared
with Student’s t-tests. Associations between these groupings and HOMA-IR scores were assessed using multiple
linear regression analyses with appropriate survey weighting under two different models. Model 1 was adjusted
for age, gender, ethnicity, education, current smoking status, and BMI (kg/m2). Model 2 was adjusted for these
same variables as well as levels of recreational activity, total fasting cholesterol, fasting triglycerides, HbAlc,
and energy intake.

The potential impact of obesity (BMI > 30 kg/m?) on study results was evaluated through subgroup analyses.
Stratified regression analyses were employed to account for differences as a function of gender, ethnicity, PIR,
education, current smoking status, recreational activity levels, and obesity status. All analyses were performed
with R (v 4.2.2), and P <0.05 served as the cut-off to define statistical significance.

Ethics approval and consent to participate

The studies involving human participants were reviewed and approved by The National Center for Health
Statistics Research Ethics Review Board. All methods were carried out in accordance with relevant guidelines
and regulations (Declaration of Helsinki).

Results

Participant characteristics

In total, this study enrolled 6333 subjects (weighted n=29,505,658). These subjects were stratified into three
groups based on levels of dietary live microbe intake, and baseline characteristics for participants in each group
are presented in Table 1. Subjects in the high group were more likely to be female and were older than those in
the low group, in addition to being more likely to be non-Hispanic white individuals, current non-smokers, to
engage in more recreation activity, and to exhibit higher levels of energy intake, higher PIR values, and a lower
BMI (P <0.05).

Participant classification based on IR status

Participant HOMA-IR values were used for stratification into two groups based on whether these values were
below or above the cut-off threshold of 3.01. The characteristics of subjects in these groups are presented in
Table 2. Individuals with a HOMA-IR >3.01 were more likely to be males, non-hispanic white individuals, to
engage in less recreational activity, to exhibit a higher education level, to have a higher PIR, and to have a higher
BMI (P <0.05), while also being likely to exhibit a lower level of dietary live microbe intake (P <0.0001).

Relationships between dietary live microbe intake and HOMA-IR classification

Next, a series of univariate and multivariable weighted linear regression analyses were conducted to analyze
relationships among variables of interest (Table 3). Univariate linear regression revealed that participants in
the groups with high and intermediate levels of dietary live microbe intake exhibited lower HOMA-IR values
than individuals in the group with low dietary live microbe intake. Using a model adjusted for age, sex, ethnic-
ity, education, BMI, and current smoking status (Model 1), HOMA-IR scores in the medium and high groups
remained significantly below those in the group with low levels of dietary live microbe intake (P <0.05) After
further adjustment for energy intake, recreational activity, fasting total cholesterol, fasting triglycerides, and
HbAIc levels (Model 2), this relationship remained significant. The results of univariate weighted linear regres-
sion analyses for the association between all covariates and HOMA-IR values are provided in Supplementary
Table S2. Smooth curve fitting was further used to examine the association between high levels of dietary microbe
intake, in grams (adjusted as in Model 2), and HOMA-IR values (Fig. 1).

Stratified regression analyses

Lastly, stratified regression analyses were conducted using study data (Table 4). Relative to participants in the
group with low levels of dietary microbe intake, individuals that were males, Mexican-American, had a lower
income, exhibited higher levels of educational attainment, were current non-smokers, were obese, and engaged in
recreational activity exhibited lower HOMA-IR scores in the group with high levels of dietary microbe intake. The
interaction between ethnicity and the relationship between HOMA-IR values and dietary live microbe grouping
was significant (P for interaction =0.04). No other significant interactions were detected for other study variables.

Discussion
The present analyses revealed a negative association between the dietary intake of live microbes and the FBG,
fasting insulin, and HOMA-IR values of healthy adults in the USA. These results remained consistent even when
conducting stratified analyses based on smoking status, BMI, recreational activity levels, gender, and PIR. In
analyses stratified by ethnicity, this negative relationship was only significant for Mexian-American individuals.
Foods can contain a range of live microorganisms such as bacteria, yeasts, and other fungi, with the levels
thereof being impacted by food preparation and processing techniques as well as the methods and duration of
food storage®. Fermented foods without subsequent processing usually exhibit very high levels of live microbes
(>107 CFU/g), whereas freshly prepared fruits and vegetables that have been peeled exhibit very low microbe
levels (< 10* CFU/g)?!, as do heat-treated fools. The three largest dietary sources of microorganisms include
fermented dairy products, fruits, and vegetables?. Probiotic geniuses include lactic acid-producing bacteria
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Low dietary live microbe Medium dietary live microbe | High dietary live microbe
Variable group group group Pvalue
No. of participants 2362 2529 1442
Age (years) 36.00 (0.35) 37.96 (0.44) 38.48 (0.58) <0.001*
HOMA-IR 2.63 (0.07) 2.29 (0.05) 2.11 (0.05) <0.0001*
Fasting glucose (mmol/L) 5.29 (0.01) 5.29 (0.01) 5.30 (0.02) 0.81
Fasting insulin (uU/L) 11.05 (0.28) 9.64 (0.21) 8.85(0.22) <0.0001*
Hemoglobin Alc 5.29 (0.01) 5.27 (0.01) 5.27 (0.01) 0.44
Energy intake (kcal) 2153.60 (30.30) 2320.71 (27.10) 2465.33 (36.40) <0.0001*
Fasting triglyceride (mg/dl) 114.07 (2.63) 108.22 (1.89) 104.95 (2.64) 0.03
gis)““g total cholesterol (mg/ | 147 o0 (1 55y 189.38 (1.10) 188.82 (1.46) 0.56
BMI (kg m?) 27.94 (0.19) 27.15(0.17) 26.90 (0.21) <0.001*
BMI<30 1661 (69.75) 1850 (74.93) 1091 (76.99)
BMI=30 701 (30.25) 679 (25.07) 351 (23.01)
Sex (%) 0.01*
Female 968 (40.28) 1181 (46.15) 722 (45.86)
Male 1394 (59.72) 1348 (53.85) 720 (54.14)
Race/Ethnicity (%) <0.0001*
Mexican American 357 (9.22) 614 (15.25) 209 ( 8.39)
Non-Hispanic Black 713 (17.24) 493 (11.80) 225(7.51)
Non-Hispanic White 766 (57.79) 841 (56.07) 660 (70.56)
Other Hispanic 195 (5.78) 243 (7.03) 155 (6.84)
Other Race 331(9.97) 338 (9.84) 193 (6.70)
PIR (%) <0.0001*
<1.2 800 (27.77) 716 (21.25) 316 (14.06)
>1.2 1562 (72.23) 1813 (78.75) 1126 (85.94)
Educational status (%) <0.0001*
<High school 363 (11.39) 385 (9.69) 133 (6.49)
High school 605 (24.71) 508 (18.02) 260 (17.27)
> High school 1394 (63.89) 1636 (72.28) 1049 (76.24)
Current smoking <0.0001*
No 1660 (68.80) 2011 (80.29) 1171 (80.76)
Yes 702 (31.20) 518 (19.71) 271 (19.24)
Recreational activity <0.0001*
No 1236 (51.44) 1221 (43.31) 618 (39.11)
Yes 1126 (48.56) 1308 (56.69) 824 (60.89)

Table 1. Study participant characteristics grouped according to dietary live microbe intake. HOMA-IR
the homeostasis model of insulin resistance, BMI body mass index, PIR family income-to-poverty ratio. *p
value<0.01.

(Streptococcus, Bifidobacterium, and Lactobacillus spp.) as well as other geniuses of bacteria including Bacillus
and Propionibacterium®>*. In addition, certain species of probiotic yeasts have been identified (Saccharomyces)
as well as non-spore-forming and non-flagellated rods or coccobacilli. The most prominent groups of probiotics
are Bifidobacterium and Lactobacillus, both of which are lactic acid-producing groups. Mechanistically, probi-
otics can influence the metabolism of glucose by generating short-chain fatty acids including acetate, butyrate,
and propionate. The resultant secretion of incretin hormones can impact levels of glucose. In a prior report,
Yadav et al. found that in mice, probiotic-derived butyrate can induce the secretion of the incretin hormone
glucagon-like peptide 1 (GLP-1) in mouse models*. L-cell-derived GLP-1 can suppress glucagon production
while simultaneously favoring the release of insulin®*. Probiotics may exert their antidiabetic effects through other
mechanisms including the enhancement of immunity and the production of anti-inflammatory cytokines, the
suppression of oxidative stress*®, and reductions in levels of intestinal permeability®. Live Lactobacillus reuteri
have been shown to suppress nuclear NF-kB translocation and to prevent pro-inflammatory cytokine produc-
tion, in addition to promoting the upregulation of nerve growth factor, thereby regulating pancreatic p-cell
proliferation and inflammation®. Ejtahed et al. found that the intake of probiotics (Lactobacillus acidophilus
and Bifidobacterium lactis) resulted in improved erythrocyte superoxide dismutase and glutathione peroxidase
activity together with greater overall antioxidant activity*®. However, considering the higher availability of food
compared to probiotic supplements, research on live microbes in food has gradually attracted the attention of

scientists in recent years®-*!.
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Variable HOMA-IR<3.01 | HOMA-IR>=3.01 | Pvalue
No. of participants 4750 1583

Age (years) 38.00 (0.31) 35.45 (0.47) <0.0001*
Fast glucose (mmol/L) 5.24 (0.01) 5.46 (0.01) <0.0001*
Fast insulin (pU/L) 6.59 (0.06) 21.08 (0.32) <0.0001*
Hemoglobin Alc 5.25(0.01) 5.36 (0.01) <0.0001
Energy intake (kcal) 2283.72 (22.65) 2358.27 (28.79) 0.04

Fast triglyceride (mg/dl) 97.89 (1.56) 148.03 (3.65) <0.0001*
Fast total cholesterol (mg/dl) 188.36 (0.88) 189.56 (1.51) 0.48

Live Microbe Group <0.0001*
Low 1693 (32.45) 669 (43.13)

Medium 1922 (39.47) 607 (35.11)

High 1135 (28.08) 307 (21.75)

BMI (kg m?) 25.76 (0.10) 32.70 (0.27) <0.0001*
BMI<30 3980 (84.39) 622 (37.80)

BMI=>30 770 (15.61) 961 (62.20)

Sex (%) 0.1
Female 2174 (44.78) 697 (41.49)

Male 2576 (55.22) 886 (58.51)

Race/Ethnicity (%) <0.0001*
Mexican American 789 (9.80) 391 (16.40)

Non-Hispanic Black 1047 (11.90) 384 (14.76)

Non-Hispanic White 1795 (62.75) 472 (53.10)

Other Hispanic 433 (6.38) 160 (7.09)

Other race 686 (9.17) 176 (8.65)

PIR (%) 0.005*
<12 1339 (20.56) 493 (25.14)

=12 3411 (79.44) 1090 (74.86)

Educational status (%) 0.002*
<High school 642 (8.91) 239 (11.17)

High school 1005 (19.15) 368 (23.51)

>High school 3103 (71.93) 976 (65.31)

Current smoking 0.12

No 3610 (75.85) 1232 (78.26)

Yes 1140 (24.15) 351 (21.74)

Recreational activity <0.0001*
No 2199 (41.75) 876 (56.01)

Yes 2551 (58.25) 707 (43.99)

Table 2. Study participant clinical characteristics grouped according to HOMA-IR values. HOMA-IR the
homeostasis model of insulin resistance, BMI body mass index, PIR family income-to-poverty ratio. *p

value<0.01.
Group

Outcomes Crude model Model 1 Model 2

Character B (95% CI) P B (95% CI) P B (95% CI) P

Low dietary live microbe group reference reference reference

Medium dietary live microbe group | — 0.34 (- 0.49,— 0.18) <0.0001* —0.19 (- 0.32,— 0.06) 0.004* —0.18 (- 0.30,— 0.06) 0.003*
High dietary live microbe group - 0.52 (- 0.70,- 0.34) <0.0001* -0.28 (- 0.45,- 0.11) 0.001* -0.27 (- 0.43,- 0.12) <0.001*
p for trend <0.0001* <0.001* <0.001*

Table 3. Relationships between dietary live microbe grouping and HOMA-IR values. Univariate logistic
regression analyses were used for the crude model. Model 1 was adjusted for age, gender, ethnicity, education,
current smoking status, and BMI (kg/m?). Model 2 was adjusted for the factors in Model 1 as well as energy
intake, recreational activity, HbA1c, fasting total cholesterol, and fasting triglyceride levels. § beta (regression
coefficients), CI confidence intervals, HOMA-IR the homeostasis model of insulin resistance, BMI body mass
index, HbAIc Hemoglobin Alc. *p value <0.01.
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Figure 1. The Smooth curve fitting results for the relationship between high levels of dietary live microbe

intake (in grams) and HOMA-IR values. At dietary live microbe intake levels below 184.67 g, HOMA-IR values
trended downward with increases in microbe intake. When these levels exceeded 184.67 g, however, HOMA-IR
values gradually trended upwards.

Medium dietary live microbe High dietary live microbe
Variable Low dietary live microbe group | group group p for trend P for interaction
Sex 0.24
Female Reference —0.42 (- 0.64, - 0.21) —0.45 (- 0.70, — 0.20) <0.001*
Male Reference —-0.26 (- 0.49, - 0.04) —-0.58 (- 0.83,-0.32) <0.0001*
Race/Ethnicity Reference 0.04*
Mexican American Reference —0.51 (- 0.74,-0.28) —0.65 (- 0.91, — 0.40) <0.0001*
Non-Hispanic Black Reference —0.34 (- 0.83,0.14) —0.47 (- 1.09,0.15) 0.12
Non-Hispanic White Reference —-0.09 (- 0.50,0.32) —-0.21 (- 0.71,0.29) 0.4
Other Hispanic Reference —0.26 (- 0.55,0.04) 0.18 (- 0.27,0.63) 0.88
Other Race Reference —0.03 (- 0.40, 0.35) —-0.33 (- 0.64, — 0.02) 0.08
PIR Reference 0.89
<12 Reference -0.32(-0.51,-0.13) -0.51(-0.72,-0.29) <0.0001*
>1.2 Reference —0.35 (- 0.64, - 0.07) —0.44 (- 0.78, - 0.10) 0.004*
Educational status Reference 0.08
<High school Reference 0.19 (- 0.21,0.59) 0.18 (- 0.24,0.61) 0.28
High school Reference —-0.43 (- 0.79, - 0.07) —0.57 (- 0.99, - 0.15) 0.004*
>High school Reference —-0.38 (- 0.59,-0.17) —-0.57 (- 0.78, — 0.35) <0.0001*
Current smoking Reference 0.26
No Reference -0.35(-0.53,-0.17) -0.59 (- 0.82, - 0.37) <0.0001*
Yes Reference —0.42 (- 0.70, - 0.14) —-0.35 (- 0.67, - 0.03) 0.01*
Recreational activity Reference 0.16
No Reference - 0.2 (- 0.43,0.03) -0.31 (- 0.56, — 0.06) 0.01*
Yes Reference -0.42 (- 0.67,-0.17) -0.62 (- 0.86, - 0.37) <0.0001*
Obesity Reference 0.36
BMI<30 Reference -0.2 (- 0.33,-0.07) -0.29 (- 0.42, - 0.15) <0.0001*
BMI=>30 Reference - 0.3 (- 0.69, 0.09) -0.62 (- 1.09, - 0.16) 0.01*

Table 4. Stratified regression analyses of the relationship between dietary live microbe intake and HOMA-IR
values. HOMA-IR the homeostasis model of insulin resistance, BMI body mass index, PIR family income-to-
poverty ratio. *p value <0.01.
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The present results suggest that the intake of foods rich in live microbes may be beneficial in adults owing to
a negative correlation with IR. Smooth-curve fitting (Fig. 1) further indicated a negative association between the
intake of high level live microbe food and IR when intake < 184.67 g. This negative trend gradually decreased as
the intake increased. The relationship tended to stabilize when the intake was greater than 184.67 g. A significant
association between the live microbe intake group and ethnicity was also detected, suggesting that ethnicity may
also have an impact on the relationship between the intake of these microbes and HOMA-IR values. Mexican
Americans were more likely to exhibit IR, and increases in dietary live microbe intake in this ethnic group were
associated with HOMA-IR reductions (P <0.01), whereas the same was not evident for other ethnic groups
included in this study cohort. Longitudinal population-based research indicated that the blood glucose levels
and HOMA-IR values of Mexican Americans were higher than those of other ethnic groups*’. A genetic study
focused on Mexican Americans also identified an important region on chromosome 12q24 containing several
diabetes-related candidate genes. We found more pronounced associations between live microbe intake and IR in
patients with obesity (BMI> =30) compared to BMI < 30. These specific differences could reflect gut microbiota
dysbiosis in obesity patients*. A steeper negative relationship was observed in no current smokers compared
to current smokers. Smoking dysregulates the gut microbial profile, which could be the main reason for this
phenomenon*. In addition, those with recreational activity demonstrated a more obvious negative association
between live microbes intake and HOMA-IR, possibly due to activity optimizing human gut microbiota com-
positional and function**. However, this negative association was not observed in those less than high school
education. This study is the first to our knowledge evaluating the link between the dietary intake of live microbes
and IR in a large nationally representative group of adults from the USA. As these data were derived from the
NHANES study, they were subject to extensive quality control for validation purposes. However, there are also
certain limitations to these analyses. For one, the NHANES study was cross-sectional in design such that it is not
possible to establish temporal or causal relationships among variables. In addition, the classification of dietary live
microbe intake was based on expert opinions and consultation with microbiologists. Efforts to directly detect or
culture these microbes may yield more reliable and precise results, although the high costs and substantial time
investments that this would entail make this approach unrealistic. Third, the simplistic classification of patients
into three groups based on levels of dietary live microbe intake may contribute to some degree of bias in these
results, emphasizing a need for the investigation of other potential approaches to calculating such microbial
intake. In addition, HOMA-IR values were used as an alternative to more reliable gold-standard measures of IR
such as hyperinsulinemic-euglycemic clamping results. Moreover, this study only enrolled healthy subjects such
that these results may not be generalizable to other populations. Lastly, these models were adjusted for covariates,
but other undetected confounding variables still have the potential to affect these results.

Conclusions

In summary, these data suggest that the degree of dietary live microbe consumption is negatively related to
HOMA-IR values. However, ethnicity, lifestyle, and physical condition differences appear to impact the
magnitude of this relationship. Further studies with a larger sample size and more detailed dietary assessment
and other confounding factors are needed to verify and extend our findings.

Data availability
Publicly available datasets were analyzed in this study. This data can be found here: https://www.cdc.gov/nchs/
nhanes.
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