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A B S T R A C T

Background: Diet, a key component of type 1 diabetes (T1D) management, modulates the intestinal microbiota and its metabolically active
byproducts—including SCFA—through fermentation of dietary carbohydrates such as fiber. However, the diet–microbiome relationship
remains largely unexplored in longstanding T1D.
Objectives: We evaluated whether increased carbohydrate intake, including fiber, is associated with increased SCFA-producing gut mi-
crobes, SCFA, and intestinal microbial diversity among young adults with longstanding T1D and overweight or obesity.
Methods: Young adult men and women with T1D for �1 y, aged 19–30 y, and BMI of 27.0–39.9 kg/m2 at baseline provided stool samples at
baseline and 3, 6, and 9 mo of a randomized dietary weight loss trial. Diet was assessed by 1–2 24-h recalls. The abundance of SCFA-
producing microbes was measured using 16S rRNA gene sequencing. GC-MS measured fecal SCFA (acetate, butyrate, propionate, and
total) concentrations. Adjusted and Bonferroni-corrected generalized estimating equations modeled associations of dietary fiber (total,
soluble, and pectins) and carbohydrate (available carbohydrate, and fructose) with microbiome-related outcomes. Primary analyses were
restricted to data collected before COVID-19 interruptions.
Results: Fiber (total and soluble) and carbohydrates (available and fructose) were positively associated with total SCFA and acetate con-
centrations (n ¼ 40 participants, 52 visits). Each 10 g/d of total and soluble fiber intake was associated with an additional 8.8 μmol/g (95%
CI: 4.5, 12.8 μmol/g; P ¼ 0.006) and 24.0 μmol/g (95% CI: 12.9, 35.1 μmol/g; P ¼ 0.003) of fecal acetate, respectively. Available car-
bohydrate intake was positively associated with SCFA producers Roseburia and Ruminococcus gnavus. All diet variables except pectin were
inversely associated with normalized abundance of Bacteroides and Alistipes. Fructose was inversely associated with Akkermansia abundance.
Conclusions: In young adults with longstanding T1D, fiber and carbohydrate intake were associated positively with fecal SCFA but had
variable associations with SCFA-producing gut microbes. Controlled feeding studies should determine whether gut microbes and SCFA can
be directly manipulated in T1D.
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Introduction

Diet is a key contributor to weight and glyce-
mia—cardiometabolic risk factors that are paramount to co-
manage in people with type 1 diabetes (T1D) [1]. The American 
Diabetes Association provides general healthy eating guidelines 
for people with diabetes [2], but few people with T1D meet weight 
and glycemic targets [3, 4]. Numerous diet trials conducted in 
people without T1D demonstrate substantial heterogeneity in the 
metabolic response to diets of equivalent macronutrient compo-
sition [5]. This suggests the need to look beyond the known direct 
links between macronutrients and metabolic responses to identify 
novel modifiers of therapeutic diet efficacy.

One potential source of variability in the metabolic response to 
diet is how an individual’s gut  microbiota—the complex com-
munity of microbes residing in the intestinal tract—and its 
fermentative metabolites shift in response to dietary change [6, 
7]. A broad literature demonstrates potential biological mecha-
nisms between diet, the gut microbiota and SCFA—metabolites 
generated by microbial fiber fermentation, and energy balance 
and glucose homeostasis in animal models [8–13]. A much more 
limited body of evidence has demonstrated such links in humans 
[14–16] and none, to our knowledge, in people with T1D. 
Furthermore, although diet has a measurable effect on the 
composition and diversity of the intestinal microbiota, the effect 
size may be small in comparison with interpersonal variability in 
the gut microbiome [17]. Nonetheless, it is critical to determine 
whether augmenting the gut microbiota—whether through diet or 
supplementation—can have synergistic health benefits to the 
human host above and beyond those conferred by diet alone. This 
is particularly important to understand in people with T1D, who 
have an altered gut microbial ecosystem and reduced plasma 
SCFA compared with that of control individuals without T1D 
[18].

Studies conducted in individuals without diabetes have 
shown that dietary interventions change the composition of the 
intestinal microbiota and SCFA primarily through modulation of 
nondigestible carbohydrates such as fiber [particularly, soluble 
fiber [19, 20]] and, to a lesser extent, of simple carbohydrates 
[21] [although fructose may contribute appreciably to acetate 
production [22]]. The diet–gut microbiome relationship is crit-
ical to understand because dietary fiber may augment gut and 
systemic health through promoting gut microbial diversity (that 
is, the number of unique species in one’s intestinal microbiome) 
and intestinal barrier integrity [partly through SCFA production 
[23]], which may protect against opportunistic infection by 
otherwise harmless gut pathogens [24] and dampen low-grade, 
chronic inflammation. In addition, SCFA reduce adiposity in 
mice [9] and are associated with increased insulin sensitivity in 
adults with metabolic syndrome [16]. A limited number of 
observational studies have assessed the relationship between 
diet and the intestinal microbiota in people with T1D: 2 among 
youth near the time of the development of islet autoimmunity or 
T1D diagnosis [25, 26] and 1 that developed a predictive algo-
rithm for glycemic response to standardized meals in adults with 
T1D, of which the composition of the intestinal microbiota was 
an important component and outperformed a model that 
emulated standard of care [7].
To bolster the very limited evidence base describing the die-
t–microbiome relationship in adults with longstanding T1D, we
conducted an ancillary, hypothesis-generating pilot study to
evaluate whether increased intake of dietary fiber (total, soluble,
and pectins) and carbohydrate (available carbohydrate and fruc-
tose) was associated with an increased abundance of SCFA-
producing gut microbes, fecal SCFA, and intestinal microbial di-
versity among young adults with longstanding T1D and over-
weight or obesitywho participated in a randomized dietaryweight
loss pilot [27].

Methods

The design and main results of the Advancing Care for Type 1
Diabetes and Obesity Network (ACT1ON) pilot study has been
described elsewhere [28, 29]. In brief, ACT1ON was a 9-mo pilot
feasibility and acceptability pilot conducted at the University of
North Carolina (UNC) and Stanford University to identify
acceptable and effective dietary strategies (hypocaloric low
carbohydrate, hypocaloric Look AHEAD, or Mediterranean diet
without calorie restriction) to co-optimize weight (weight loss or
weight maintenance if a BMI <25 kg/m2 was achieved during
the study) and glycemia among adults with T1D aged 19–30 y
(1DP3DK113358, NCT03651622). Registered dietitians pro-
vided guidelines about general healthy eating and specific di-
etary recommendations tailored to each diet assignment using
motivational interviewing and problem-solving skills training
aimed at overcoming barriers to adherence [30, 31]. The inter-
vention consisted of 8 full-length counseling and education ses-
sions and 15 shorter “check-in” sessions. Counseling strategies
related to carbohydrate counting for insulin dosing and
encouragement of usual physical activity were consistent across
diets.

Primary outcomes were change in weight, hemoglobin A1c
(HbA1c) concentration, and percentage of time in level 1 and level
2 hypoglycemia (<70 mg/dL) [32] as assessed by continuous
glucose monitoring (CGM). Measurements were obtained at
baseline and after each of 3 3-mo dietary periods. Secondary
outcomes were change in percentage body fat as assessed by DXA,
percent time in target glucose range (70–180mg/dL), and percent
time in level 2 hypoglycemia (<54 mg/dL). After an initial diet
randomization, the sequential multiple assignment randomized
trial design adapted dynamically to participant responses by
rerandomizing those for whom the assigned diet was not accept-
able or not effective [33]. This was performed based on a priori
decision rules at intervention months 3 and 6. The rerandomiza-
tion criteria included clinical outcomes [<2% weight reduction
(unless weight loss resulted in a BMI<25 kg/m2), HbA1c increase
of �0.5%, and self-reported increased or problematic hypoglyce-
mia] and self-reported diet unacceptability. Measurement visits
occurred at baseline and at the end of each diet period.
Study sample
This study was approved by the UNC and Stanford University

institutional review boards, and study participation began after
participants signed informed consent. Participants were adults
aged 19–30 y at baseline with T1D for �1 y, with literacy in
English, an HbA1c of <13.0% (<119 mmol/mol), and a BMI of



27.0–39.9 kg/m2. Participants were excluded if they presented 
with a history of a diagnosed eating disorder, gastrointestinal or 
bowel disorder, dietary restrictions that precluded following the 
study diets, were pregnant or lactating, had experienced any 
episode of diabetic ketoacidosis or level 2 hypoglycemia 
requiring third-party assistance in the last 6 mo, or were weight 
unstable [change of �10 lb (kg) in the last 6 mo].

Young adults meeting all eligibility criteria according to 
medical record data were enrolled beginning on 12 November, 
2018. The COVID-19 pandemic caused closure of the research 
clinics at both sites as of 27 March, 2020; thus, enrollment 
ceased with the last participant enrolled on 6 March, 2020 (68 of 
the anticipated 72 participants were enrolled). The study tran-
sitioned to a virtual format using a HIPAA-secure video confer-
encing platform (Zoom Video Communications), including 
dietary counseling and data collection, and recruitment ceased. 
This created the need to alter the measurement methods for the 
primary outcomes of weight and glycemia during COVID-19. 
Using standardized protocols with support from study staff, 
weight and waist measurements and HbA1c samples were 
collected at home, participants inserted CGM sensors at home, 
and DXA was discontinued. The final study visit was completed 
on 22 February, 2021. Given the alteration of measurement 
methods for the primary parent study outcomes, the changes to 
intervention delivery, and the delay in study visits owing to 
establishing these protocol changes, results of the COVID-
19–influenced periods of the study are reported in Supple-
mental Material. In this study we primarily present data 
collected under the original study protocol before COVID-19 
research clinic closures.
Ancillary gut microbiome pilot study
This analysis used data from the ACT1ON ancillary gut 

microbiome pilot study. ACT1ON participants who had not taken 
antibiotics in the last month were invited to provide fecal sam-
ples through home collection using provided collection kits 
during the 2-wk timeframe in which all other measurement visit 
data were collected (that is, before each diet period was initi-
ated). Stool sample collection was added to measurement visits 3 
and 4 during COVID-19 to consider an anticipated diminished 
sample size owing to COVID-19 dropouts. Thus, the primary 
analysis of pre–COVID-19 data includes data from the baseline 
(that is, preintervention) visit and measurement visit 2 (that is, 
after 3 mo of the diet intervention).

Of the 68 total enrolled parent ACT1ON Study participants, 6 
were excluded from the ancillary gut microbiome pilot study for 
antibiotic use in the past 4 wk, 2 did not return a stool sample 
before randomization owing to shipment issues, 2 had difficulty 
with producing a sample, 4 declined to participate, and 9 agreed 
to participate but did not return the sample before diet 
randomization. Thus, 45 individuals participated in the ancillary 
gut microbiome study and provided 112 stool samples across 4 
timepoints (approximately, at baseline and 3, 6, and 9 mo, cor-
responding to the parent study measurement visits). The final 
sample size in the pre–COVID-19 period consisted of 40 partic-
ipants with 52 and 48 samples for SCFA and gut microbiome 
analysis, respectively. A CONSORT with the full sample size 
derivation, including for the supplemental analysis of all avail-
able data (both pre– and during COVID-19), is shown in Sup-
plemental Figure 1.
Measurements
Dietary intake

At each measurement visit, 24-h dietary recalls were admin-
istered through telephone by trained UNC NIH/NIDDK Nutrition
Obesity Research Center (NORC, P30DK056350) staff using a
multipass method [34]. Given that the objective was to estimate
usual intake [35], recalls deemed to be unreliable by NORC staff
or for which participants indicated the amount consumed was “a
lot more” or “a lot less” than usual were excluded from the
analysis. Nutrition Data System for Research (NDSR) (version
2019; University of Minnesota, MN) was used to derive nutrients
associated with recalled foods and beverages.

When 2 dietary recalls per participant were available for a
given measurement visit, nutrient values were averaged per
participant across the 2 d. Daily intake of fiber (total, soluble,
and pectins), available carbohydrates (starch and sugars, that is,
total carbohydrates minus total fiber), and fructose were used as
exposure variables (all in grams per day) for all analyses. We
focused on soluble fiber and pectins—a type of soluble fiber-
—given that they are the ideal fermentative substrates for the
intestinal microbiota, with insoluble fiber contributing much less
to microbial fermentation [36]. We included available carbo-
hydrate as a “control” nutrient (that is, a nutrient whose re-
lationships with gut microbes and fecal SCFA are likely to be
weaker because available carbohydrate is largely absorbed by
the human host and thereby rendered less available for microbial
fermentation); and fructose, given preclinical evidence that it is a
substrate for acetate production by the gut microbiota [22].

Stool collection and processing
Per the parent study protocol, all data were collected during a

14-d measurement period at baseline and at the beginning of
each 3-mo diet period (that is, at time 0 and 3, 6, and 9 mo). This
was done to allow for a 14-d CGMwear period. Participants were
asked to return stool samples at any point during this 14-d time
frame, to enhance the feasibility of collecting stool samples on a
voluntary basis for this ancillary pilot study.

Participants were instructed to store stool samples on ice in a
4�C fridge prior to shipping the sample priority overnight to
UNC. Given evidence that storage medium has a small effect on
the composition of the gut microbiota, samples were collected in
a sterile collection cup and stored without any added reagents
[37]. Immediately on receipt (or within 1 h if first stored at 4�C),
samples were homogenized, aliquoted, and frozen at �80�C.
Given rolling study recruitment, aliquots were stored between 1
y and 2.5 y before the analysis. To prevent batch effects, samples
were randomized before the laboratory analysis.

Gut microbiota characterization
Genomic microbial DNA from human fecal samples was iso-

lated by a phenol–chloroform extraction method combined with a
bead beating step using 0.1-mm glass beads (Bio Spec) to physi-
cally disrupt bacterial cells and using a DNA clean-up kit (Qiagen
DNeasy Blood and Tissue extraction kit), as previously described
[38]. Fecal microbiotas were characterized by creating
sequencing libraries from the variable 4 region of the 16S rRNA
gene using polymerase chain reaction and sequencing on the
Illumina MiSeq platform (Illumina) at the High-Throughput
Sequencing Facility in the Carolina Center for Genome Sciences
at the UNC School of Medicine, as previously described [39].



The 16S rRNA gene sequences generated by the Illumina
MiSeq platform were managed using the Quantitative Insights
into Microbial Ecology 2 platform, including demultiplexing and
denoizing via the Divisive Amplicon Denoizing Algorithm
(DADA2) [40]. The DADA2 pipeline was used to generate
sequence variants at 100% identity threshold. The total number
of sequence reads was 11,105,926 [98,558.5 (IQR: 78,072.0,
129,325.8) per sample] and total number of sequence variants
generated by DADA2 was 2339. After consideration of alternate
normalization approaches [41, 42], we used a previously pub-
lished method to normalize read counts using the following
formula [43]:

log10

��
Raw count in sample ðiÞ

# of sequences in sample ðiÞ
�Average # of sequences per sample

�
þ 1

�

Taxonomic classification was performed using the DADA2-
formatted reference database Silva version 132 (>99%
sequence identity) [44]. QIIME2 was used to derive rarefied
intestinal microbial diversity—reported as the number of unique
sequence variants (that is, the number of unique taxa) per sam-
ple. To reduce bias stemming from imbalanced replication of
reads during polymerase chain reaction steps, we performed
alpha-rarefaction (that is, normalization of sequencing depth) in
the estimation of intestinal microbial diversity [45]. Based on
the alpha-rarefaction curves, we normalized intestinal microbial
diversity to a depth of 3000 sequence reads per sample. Per
published methods, only taxa that were present in �25% of
samples (that is, “nonrare” taxa) were retained [43].

We identified both genus- and species-level SCFA-producing
taxa through a rigorous literature review [9, 27, 46–48]. We
detected the following 24 SCFA-producing taxa in the stool of
our study participants: Akkermansia, Alistipes, Anaerostipes, Bac-
teroides, Bifidobacterium, 2 members of the Clostridium genus
(Clostridium sensu stricto cluster 1 and Clostridium innocuum),
Dialister, 3 members of the Eubacterium genus (Eubacterium eli-
gens, Eubacterium hallii, and Eubacterium ventriosum), Faecali-
bacterium, Intestinimonas, Lachnospira, 2 members of the
Prevotella genus (Prevotella clusters 7 and 9), Roseburia, 4 mem-
bers of the Ruminococcus genus (Ruminococcus gnavus, Rumino-
coccus torques, and Ruminococcus clusters 1 and 2), Sutterella,
Streptococcus, and Veillonella. After removal of 3 taxa that were
present in <25% of samples (Sutterella and Prevotella clusters 7
and 9), 21 taxa were used in the analysis.

SCFA analysis
Total and specific (acetate, propionate, and butyrate) fecal

SCFA were analyzed using GC-MS (Agilent 7820), as previously
described, and converted to micromoles per gram [49]. Samples
were analyzed on a wet matter basis. Because SCFA are volatile,
we conducted a sensitivity analysis to ascertain whether results
for fecal SCFA changed when excluding the 5 samples that were
received >1 d after collection. Doing so did not substantively
change the results of the crude models, so we retained all sam-
ples in the analysis of SCFA.

Demographic and clinical covariates
Standardized questionnaires collected self-reported de-

mographic data such as age, gender, race and ethnicity, and
insulin regimen (twice daily, 3 times daily, >3 times daily in-
jections, or insulin pump). Self-reported race categories included
African American, American Indian/Alaska Native, Asian, Native
Hawaiian/Other Pacific Islander, other race, or White. Ethnicity
was classified as Spanish/Hispanic/Latino or not. Owing to
sample size limitations, we collapsed race and ethnicity into a
single indicator variable denoting other race and ethnicity or
non-Hispanic White race and ethnicity. Missing data for insulin
regimen (n¼ 3 observations) were imputed forward or backward
from the closest visit in time.

Design covariates
Design covariates included diet assignment at each visit and

study site.
Statistical analysis
We assessed representativeness by comparing the baseline

characteristics of ACT1ON participants included and excluded
from this analysis.

Effect size and power
After correction for multiple comparisons, we were powered

to detect an R2 of 0.14 with 80% power and an R2 of 0.18 with
90% power given our sample size of 52 stool samples. The
magnitude of these effect sizes is smaller than those found in a
previous study on diet and the intestinal microbiota (R2 ¼
0.2–0.4) with a smaller sample size than this study (n ¼ 10),
suggesting we were powered to detect observable effects [50].

Modeled analysis.
Using data from each of the 4 measurement time points

occurring at time 0 and roughly at 3, 6, and 9 mo, we fit separate
generalized estimating equation (GEE) models predicting out-
comes [the abundance of each of 21 SCFA-producing taxa, fecal
SCFA (butyrate, propionate, acetate, and total) concentrations,
and intestinal microbial diversity (number of unique taxa per
sample)] from each dietary exposure variable.

We selected GEEs because they consider nonindependence of
repeated measures using a repeated statement (PROC GEE in
SAS) and are robust to nonnormally distributed data [51], which
is particularly relevant to zero-inflated gut microbiome data
[52]. We specified a compound symmetric covariance structure,
which assumes that observations within a participant are equally
correlated. We report the β estimate and 95% CIs for changes in
the gut microbiota and fecal SCFA that were associated with a
10-g/d increase in each of the dietary exposure variables given
that at baseline, the 40 study participants included in the pri-
mary analysis reported consuming 12.6 g/d total fiber (IQR: 9.5,
21.3 g), which is >10 g lower than adequate intake [25 g/d for
women and 38 g/d for men according to the Institute of Medi-
cine’s Dietary Reference Intakes [53]]. Therefore, a 10-g/d in-
crease in total fiber intake would have facilitated
near-achievement of this recommendation.

Model 1 was unadjusted but considered within-subject cor-
relations of repeated measures. To maximize utility of the sam-
ple, we evaluated which of our nondesign adjustment covariates
(age, gender, race and ethnicity, BMI, and insulin regimen)
should be retained in adjusted model 2 based on stepdown ap-
proaches in which the “least significant” covariate was removed
from the model sequentially until only covariates with a P value



of <0.1 remained [54]. The informative variables (P <.1) that 
were retained in model 2 were age and race and ethnicity. 
Moreover, model 2 included the design covariates of diet 
assignment, study site, and diet period. For each association, we 
computed standardized β coefficients by dividing each β estimate 
from GEE models by its standard error. We report these unitless 
standardized coefficients in the figures rather than the raw β 
estimates, allowing for comparability of coefficients across 
models [51]. Given that the relationship between diet and the 
composition of the gut microbiota could either be confounded or 
mediated (or both) by BMI [55], we included BMI separately in 
the fully adjusted model as part of an exploratory analysis.

For 2 microbes that were associated inversely with available 
carbohydrate and fiber intake, we conducted post hoc adjust-
ments of model 2 by protein and fat intake (g/d) to explore the 
possibility that residual confounding by these nutrients may 
have led to spurious associations. We did not adjust for total 
calorie intake given that we were primarily interested in the 
absolute grams of fiber (total, soluble, and pectins) or carbohy-
drate (available, fructose) that could lead to a particular response 
in the fecal microbiota or SCFA.

Bonferroni-corrected [56] P values were considered to be 
statistically significant at an α level of P < 0.1. We selected 
Bonferroni correction given that the false discovery rate (FDR) 
assumes independence of tested comparisons, which is generally 
not true of correlated gut microbiota data; however, given that 
FDR is commonly used in microbiome research, we present 
FDR-adjusted results in Supplemental Material when q < 0.05. 
Descriptive statistics comparing the baseline characteristics of 
ACT1ON Study participants included and excluded from the 
analysis used an α threshold of P < 0.05. Power calculations were 
estimated with R software (version 4.1.1). All other analyses 
were conducted using SAS, version 9.4.

Results

At enrollment, the 40 participants included in the analysis 
had a mean age of 25.5 � 3.2 y, a mean BMI (in kg/m2) of 29.8
TABLE 1
Baseline characteristics of ACT1ON participants included and excluded fro

Included (n ¼
Age (y)1 25.5 � 3.2
Female gender2 28 (70.0)
Non-Hispanic White race and ethnicity2,3 30 (75.0)
UNC site2 25 (37.5)
BMI (kg/m2)1 29.8 (28.1, 33
Hemoglobin A1c (%)1 7.8 � 1.3
Diabetes duration (y)1 15.6 � 6.2
Insulin pump use2 23 (57.5)
Diet4 Included (n ¼

Total fiber intake (g/d)1 12.6 (9.5, 21.3

ACT1ON, Advancing Care for Type 1 Diabetes and Obesity Network; UNC
mean � SD if normally distributed or as median (IQR) if nonnormally dist
Mann-Whitney U test for normally and nonnormally distributed continuou
The χ2 test of equal proportions was used to test for group differences in cate
Hispanic White race and ethnicity. To avoid participant identification, we e
participants: African American, n¼ 3 (7.9%); Asian, n< 3;>1 race, n< 3; an
3 (12.5%); Native Hawaiian/Other Pacific Islander, n < 3; >1 race, n ¼ 4 (
(15.0%) included and 5 (17.9%) excluded participants were identified as S
excluded) were missing race data but identified with a Spanish/Hispanic/La
data.
(range, 28.1, 33.9), a HbA1c of 7.8% � 1.3%, and a diabetes
duration of 15.6 � 6.2 y and were similar to excluded ACT1ON
participants in all baseline characteristics (Table 1).

The time interval between collection of diet recalls and stool
samples (n¼ 52 samples) was�2 d (IQR:�4, 2 d; range:�14, 13
d). Twenty-four (46.2%) stool samples were collected within 5
d of both dietary recalls. Forty-seven (90.4%) samples were
received within 1 d of collection. Three samples were received 2
d after collection, and 1 sample each was received 3 and 4 d after
collection.

Intake (in grams per day) of fiber (total, soluble, and pectins)
and carbohydrate (available carbohydrates and fructose) and
fecal SCFA concentrations, are presented in Table 2. At baseline,
23 participants had 2 diet recalls and 13 participants 1 diet
recall. At measurement visit 2, 13 participants had 2 diet recalls
and 3 participants 1 recall. At baseline, the measured values for
fecal SCFA were 52.2� 18.8 μmol/g for acetate, 7.0� 1.8 μmol/
g for butyrate, and 16.1 � 5.7 μmol/g for propionate.

According to the crude (unadjusted) Bonferroni-corrected
results, a 10-g/d increase in available carbohydrate, fructose,
soluble fiber, and total fiber was associated inversely with the
normalized abundance of the SCFA-producing genus Alistipes
(Figure 1). A 10-g/d increase in total and soluble fiber was
associated positively with fecal acetate (unstandardized β esti-
mates: 8.8 μmol/g; 95% CI: 4.5, 12.8 μmol/g; P ¼ 0.006; un-
standardized β estimates: 24.0 μmol/g; 95% CI: 12.9, 35.1 μmol/
g; P ¼ 0.003, respectively) (Figure 2).

After covariate adjustment and Bonferroni correction, a 10-g/
d increase in available carbohydrate and fructose intake was
associated inversely with the normalized abundance of the
SCFA-producing genera Bacteroides and Alistipes. Post hoc
adjustment by protein and fat intake (in grams per day) did not
attenuate associations with these 2 gut microbe genera. Each
covariate-adjusted 10-g/d increase in available carbohydrate
and fructose intake was associated with a 2.5-μmol/g (95% CI:
1.4, 3.7 μmol/g; P¼ 0.003) and an 8.1-μmol/g (95% CI: 3.7, 12.5
μmol/g; P ¼ 0.04) increase in fecal acetate, respectively (Sup-
plemental Table 1). A 10-g/d increase in fructose intake was
m the primary analysis (n ¼ 68)

40) Excluded (n ¼ 28) P

25.4 � 3.0 0.77
21 (75.0) 0.79
15 (53.6) 0.08
14 (50.0) 0.33

.9) 30.8 (27.3, 33.8) 0.80
8.0 � 1.5 0.31
11.8 � 6.0 0.84
17 (60.7) 0.81

36) Excluded (n ¼ 22)
) 14.3 (10.5, 19.3) 0.68

, University of North Carolina. 1Continuous variables are presented as
ributed. Group differences were tested with the independent t test and
s variables, respectively. 2Categorical variables are presented as n (%).
gorical variables. 3Race and ethnicity were collapsed into other or non-
xpressed frequencies with fewer than 3 individuals as “n < 3.” Included
d White, n¼ 32 (84.2%). Excluded participants: African American, n¼
14.3%); other race, n < 3; Asian, n < 3; and White, n ¼ 17 (70.8%); 6
panish/Hispanic/Latino ethnicity. Three participants (2 included and 1
tino ethnicity. 4Sample sizes differed for dietary intake owing to missing



Baseline
(n ¼ 36)

Measurement visit 2
(n ¼ 16)

Dietary intake (g/d)2

Total fiber 12.6 (9.5, 21.3) 16.5 (11.4, 23.5)
Soluble fiber 4.3 (2.9, 6.7) 4.7 (4.1, 6.8)
Pectins 1.5 (0.79, 2.7) 2.6 (1.1, 4.5)
Fructose 7.6 (5.0, 11.2) 11.6 (6.6, 21.0)
Available carbohydrate 155 � 70.3 150 � 90.2

SCFA (μmol/g)2

Acetate 52.2 � 18.8 54.0 � 23.8
Butyrate 7.0 � 1.8 6.2 � 1.8
Propionate 16.1 � 5.7 15.1 � 7.8
Total 75.3 � 22.3 75.3 � 30.4

ACT1ON, Advancing Care for Type 1 Diabetes and Obesity Network.
1Data are from the 40 participants with available data at either baseline
or measurement visit 2, or both. At baseline, 23 participants had 2 diet
recalls and 13 participants had 1 diet recall. At measurement visit 2, 13
participants had 2 diet recalls and 3 participants had 1 recall. If 2 di-
etary recalls were available, averages were computed for each nutrient.
2Continuous variables are presented as mean � SD if normally
distributed or as median (IQR) if nonnormally distributed.

TABLE 2

Repeated measures of dietary intake and fecal SCFA among ACT1ON 
participants (n ¼ 40) using pre–COVID-19 data1
associated with a reduced normalized abundance of the SCFA-
producing genus Akkermansia. The relationships between avail-
able carbohydrate intake and the normalized abundance of
SCFA-producing genus Roseburia and R. gnavus showed positive
associations. No relationships with total or soluble fiber intake
were statistically significant after covariate adjustment.
FIGURE 1. Associations of diet with SCFA-producing gut microbes, fecal S
¼ 40). The heatmaps show standardized β estimates from crude (A) and co
multiple measurements within participants over time, for the primary pre–C
significant at P < 0.1 (asterisks). Results are from 40 participants (52 visi
testinal microbes and intestinal microbial diversity. ACT1ON, Advancing
generalized estimating equation; sol., soluble; tot., total.
Supplemental results for crude unadjusted estimates using
pre–COVID-19 data that were statistically significant after FDR
but not after Bonferroni correction are summarized in Supple-
mental Table 1 and Supplemental Figure 2. The results of the
supplemental analysis of all available data are presented in
Supplemental Table 2, Supplemental Table 3, and Supplemental
Figure 3 and are described in the Supplemental Methods. Sup-
plemental Table 4 summarizes the results of the exploratory
adjustment by BMI for the primary analysis restricted to
pre–COVID-19 data.

Discussion

In our hypothesis-generating gut microbiome pilot study, we
found evidence to support our conjecture that an increased
intake of dietary fiber (before adjustment) and carbohydrate
(after adjustment), irrespective of the specific type, is associated
with increased fecal SCFA (total and acetate) among adults with
longstanding T1D. Echoing our results, a study of 42 children
with islet autoimmunity or T1D showed that a 10-g/d increase in
carbohydrate intake was associated with a 5.2-μmol/L (95% CI:
1.1, 9.2 μmol/L; P ¼ 0.01) increase in plasma acetate [25]. The
study authors also detected a reduced gut microbial diversity in
association with a 5-g/d increase in “junk food intake.”Given the
complexity of dietary intake, future studies could consider
assessing dietary patterns or food groups, in addition to other
nutrients such as protein and fat, in association with the struc-
ture, diversity, and functional genomic potential [57] of the gut
microbiome in adults with T1D.
CFA, and intestinal microbial diversity among ACT1ON participants (n
variate-adjusted (B) GEE models with a repeated statement to consider
OVID-19 analysis. P values were Bonferroni-corrected and statistically
ts) for SCFA and from 40 participants (48 visits) for abundance of in-
Care for Type 1 Diabetes and Obesity Network; avail., available; GEE,



FIGURE 2. Raw visualizations of dietary intake in association with fecal SCFA among ACT1ON participants (n ¼ 40). Scatterplots of raw
pre–COVID-19 data show associations of total fiber, soluble fiber, available carbohydrate, and fructose intake (all g/d) with fecal acetate (A, B, C,
D) and total fecal SCFA (E, F, G, H, both μmol/g), respectively. All associations were statistically significant after Bonferroni correction of crude or
adjusted modeled results (P < 0.1), except for the associations of soluble fiber and fructose intake with total fecal SCFA (F, G, P ¼ 0.1). Data are
from 40 participants (52 visits) and were modeled using generalized estimating equations, which included a repeated statement to account for
multiple measurements within participants over time. ACT1ON, Advancing Care for Type 1 Diabetes and Obesity Network.
The compositional nature of both the gut microbiota and diet
should be considered when interpreting the variable direction-
ality of our diet–gut microbiome associations. Although all di-
etary measures (except for pectin, which generally constitutes a
small proportion of dietary fiber and showed no associations)
were associated negatively with the SCFA-producing genera
Bacteroides and Alistipes, soluble fiber and available carbohydrate
intake were associated positively with the SCFA-producing
genera Anaerostipes and Streptococcus per crude results. Gut mi-
crobial abundances are intercorrelated, which reflects that gut
microbes must compete for limited dietary substrates: as one gut
microbe occupies a dietary niche, the abundance of another gut
microbe that relies on the same dietary substrate may decline
[58]. Thus, it is possible that members of Bacteroides and Alis-
tipes were competitively inhibited by other fiber and carbohy-
drate fermenters [59]. We ruled out the possibility that the
inverse associations of total and soluble fiber (crude) and avail-
able carbohydrate and fructose intake (adjusted) with abun-
dances of the SCFA-producing taxa Bacteroides and Alistipes were
confounded by fat and protein intake [that is, that these mi-
crobes were competitively excluded by fat and protein fermen-
ters [21, 24]. The intake of fructose—which can be fermented to
acetate—was inversely associated with the abundance of the
acetate producer Akkermansia after covariate adjustment [60].
Future studies should investigate dietary substitution effects:
perhaps increased fructose intake displaced dietary fiber [61],
leading to a relative reduction in Akkermansia abundance.

We did not find associations of our dietary exposures with
fecal butyrate or propionate, nor with gut microbial diversity.
Butyrate is rapidly used as an energy source by colonocytes [48].
More direct measures of SCFA production, including in vivo
tracer techniques, can provide more direct measures of SCFA
production in response to acute dietary intake [62]. Intake of
total dietary fiber was generally low in the r study sample, which
may underlie the lack of associations between reported fiber
(total and soluble) intake with gut microbial diversity.
Although it is initially surprising that available carbohydrate
intake was associated positively with fecal SCFA and the abun-
dance of several SCFA-producing gut microbes, this may be
because available carbohydrates may include resistant starch—a
substrate for microbial fermentation [63] that is not available as
a standalone nutrient in the NDSR database given the lack of a
standardized method for its quantification in foods [64]. Intake
of available carbohydrate was associated positively with the
normalized abundance of genus Roseburia and R. gnavus, whose
beneficial functions include inhibition of proinflammatory cy-
tokines through butyrate production [65, 66]. However, the
abundance of Roseburia intestinalis may be elevated among in-
dividuals who are overweight or obese compared with those who
are lean [67, 68]. This raises the often-cited conundrum about
whether the metabolic benefits of SCFA outweigh their potential
harms [for example, through their contribution to positive en-
ergy balance through energy extraction from nondigestible car-
bohydrates [69]]. This is especially relevant to T1D, in which the
comanagement of glycemia and weight is necessary for car-
diometabolic risk reduction but is complicated by the dysregu-
lation of multiple hormones governing energy homeostasis and
appetite (for example, insulin, glucagon, amylin, and incretin
hormones) [17–19]. Furthermore, individuals with T1D should
strive for consumption of complex (fiber) rather than simple
(that is, available carbohydrate or fructose) sources of carbohy-
drate to promote achievement of glucose targets [70]. The mean
fiber intake among our sample of young adults with T1D and
overweight or obesity was far below recommendations [53, 71].
Thus, the multitude of health benefits conferred by dietary fiber,
whether or not they are mediated by the gut microbiota, (for
example, cholesterol lowering, glucose and appetite regulation)
should continue to be emphasized in the clinical management of
T1D [72, 73].

The results of this study should be interpreted in the context
of its limitations. The most notable limitation is the duration of
time between the measurement of dietary intake and the



collection of certain stool samples. Approximately half of our 
stool samples were collected >5 d before or after the corre-
sponding dietary recall(s); although not available when we 
designed or implemented this study, more recent guidance sug-
gests that it is optimal to collect diet recalls �5 d before stool 
sample collection for assessment of the diet–gut microbiome 
relationship [74]. We avoided restricting the study sample to 
observations for which diet and stool were collected more 
proximally to one another owing to sample size considerations 
and the potential for inducing missing data bias (that is, a longer 
duration of time between diet and stool sample collection may 
have been an indicator of nonadherence to diet recommenda-
tions in the parent trial, so exclusion could introduce systematic 
bias related to the diet exposures at hand) [75]. Furthermore, the 
within-sample variation in the gut microbiome over time is much 
smaller than the between-sample variation [76], which mini-
mizes the possibility that intraindividual changes in gut micro-
bial composition over a short duration of time (that is, within the 
2 wk collection period) biased our interindividual analysis. 
Another limitation is that home stool collection poses challenges 
for measurement of fecal SCFA, which are volatile [77]. Studies 
that collect and snap-freeze feces on-site provide a means to 
better preserve SCFA. As with all fecal microbiome studies, we 
randomly sampled the larger gut microbial ecosystem. Thus, our 
fecal measurements are proxies for the true underlying data 
distribution of gut microbes and SCFA [78].

Given the hypothesis-generating nature of this observational 
pilot study with a modest sample size and the small effect sizes 
that are characteristic of associations of diet with the intestinal 
microbiota, our results should be confirmed in additional 
observational and controlled feeding studies [21]. We were not 
powered to test the relationships between dietary intake and all 
gut microbial metabolites. Future larger studies should consider 
other diet-derived microbial metabolites [including but not 
limited to bile acids [79], branched-chain fatty acids [80], and 
urolithin A [81]] that are metabolically relevant. We focused on 
SCFA, given the large body of evidence in preclinical models and 
in clinical studies of people without T1D that these metabolites 
are measurably affected by diet and hold promise for augment-
ing metabolism [9, 16, 27]. Although stepdown variable selec-
tion is preferable to step-forward selection [54], such procedures 
generally may not result in the optimal set of adjustment cova-
riates. We considered variable selection to be a necessary step in 
constructing statistical models, given our sample size. Given that 
the effect of our primary exposure variable, diet, is likely to affect 
the gut microbiome more appreciably than any of the con-
founders considered in the full set of potential adjustment 
covariates (age, gender, race and ethnicity, and insulin regimen)
[17], we believe the effect of erroneously excluding 1 or more of 
these variables is likely to be modest. We considered BMI as a 
potential confounder in a supplemental analysis, but avoid 
overinterpreting this result because it is unclear biologically 
whether BMI mediates or confounds the relationship between 
diet and the composition of the gut microbiota [55]. Model 
misspecification may have biased estimates of effect toward or 
away from the null. Although data missingness was likely to be 
completely at random for some participants, for others, it may 
have been related to the study exposure of dietary intake or gut 
microbiota–related outcomes; therefore, we cannot rule out the 
possibility that this introduced bias in the GEE estimates. Future
studies designed specifically to assess the diet–microbiome
relationship would likely reduce data missingness. The 16S rRNA
gene sequencing is limited to taxonomic identification. Future
whole genome sequencing studies can identify dietary effects on
functional gut microbial gene pathways in T1D and map specific
taxa to enzymatic pathways necessary for SCFA production.
Because there is a great deal of overlap in the genes that gut
microbes harbor (that is, functional redundancy), understanding
the relationship between diet (a selective pressure) and micro-
bial gene pathways in longitudinal data sets can reveal how gut
microbes and their genomes evolve in response to changes in the
host environment—which may be unique in T1D [82]. As a
free-living diet study, our measure of self-reported dietary intake
was subject to dietary recall bias [83]. However, differential
misreporting of the dietary exposures relative to outcomes under
study is unlikely because the participants did not know their gut
microbiome (outcome) status. Generalizability of our findings to
individuals with T1D who are not overweight or obese, racially
or ethnically more diverse than our study participants, or
recently diagnosed with T1D may be limited.

This study also includes several strengths. Previous studies
investigating the intestinal microbiota and SCFA in T1D have
largely focused on the development of autoimmunity near the
time of T1D diagnosis [25, 84–86]. Although this topic is one
that is of great importance, we focused on the links among diet
and the intestinal microbiota in longstanding T1D, about which
very little is known. Furthermore, no studies, to our knowledge,
have assessed the intestinal microbiota among individuals with
T1D and overweight or obesity at multiple time points
throughout a weight management intervention. If gut microbes
affect clinical outcomes or can serve as biomarkers of diet effi-
cacy in people with T1D, their role in diet interventions may be
clinically relevant. We used rigorous methods of statistical
analysis and adjusted our models for potential confounding
variables.

Much work remains to be performed to fully elucidate the role
of the gut microbiota and its response to diet in T1D manage-
ment. Future studies can focus on the following: 1) the feasibility
of inducing durable changes in the composition and metabolic
byproducts of the intestinal microbiota through diet; 2) clari-
fying whether total and specific SCFA are truly beneficial to
people with T1D because they may contribute to positive energy
balance [69] and gut mucosal inflammation [87]; and 3) the
relationships among diet, inflammation, and the gut microbiota
in the context of longstanding T1D autoimmunity. Such studies
can inform whether future research and ultimately clinical
practitioners should target dietary modifications that promote a
specific milieu of intestinal microbes and metabolites to improve
glycemia, adiposity [88], and downstream microvascular and
cardiovascular outcomes in people with T1D.
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