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SUMMARY

Gut microbiota play an important role in the development of
type 1 diabetes. We show herein that fermentable fiber
inulin modulates gut microbiota to prevent and treat STZ-
induced diabetes and to delay diabetes development in
non-obese diabetes (NOD) mouse models.

BACKGROUND & AIMS: Nourishment of gut microbiota via
consumption of fermentable fiber promotes gut health and
guards against metabolic syndrome. In contrast, how dietary
fiber impacts type 1 diabetes is less clear.

METHODS: To examine impact of dietary fibers on develop-
ment of type 1 diabetes in the streptozotocin (STZ)-induced
and spontaneous non-obese diabetes (NOD) models, mice were
fed grain-based chow (GBC) or compositionally defined diets
enriched with a fermentable fiber (inulin) or an insoluble fiber
(cellulose). Spontaneous (NOD mice) or STZ-induced (wild-type
mice) diabetes was monitored.
RESULTS: Relative to GBC, low-fiber diets exacerbated STZ-
induced diabetes, whereas diets enriched with inulin, but not
cellulose, strongly protected against or treated it. Inulin’s
restoration of glycemic control prevented loss of adipose de-
pots, while reducing food and water consumption. Inulin
normalized pancreatic function and markedly enhanced insulin
sensitivity. Such amelioration of diabetes was associated with
alterations in gut microbiota composition and was eliminated
by antibiotic administration. Pharmacologic blockade of
fermentation reduced inulin’s beneficial impact on glycemic
control, indicating a role for short-chain fatty acids (SCFA).
Furthermore, inulin’s microbiota-dependent anti-diabetic effect
associated with SCFA-independent restoration of interleukin
22, which was necessary and sufficient to ameliorate STZ-
induced diabetes. Inulin-enriched diets significantly delayed
diabetes in NOD mice.

CONCLUSIONS: Fermentable fiber confers microbiota-
dependent increases in SCFA and interleukin 22 that,
together, may have potential to prevent and/or treat type 1
diabetes. (Cell Mol Gastroenterol Hepatol 2021;12:983–1000;
https://doi.org/10.1016/j.jcmgh.2021.04.014)
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ype 1 diabetes (T1D), a major and increasing
Abbreviations used in this paper: CDD, compositionally defined diet;
GBC, grain-based chow; HbA1c, glycosylated hemoglobin; IL, inter-
leukin; IP, intraperitoneally; LEfSe, linear discriminant analysis effect
size; NOD, non-obese diabetes; PBS, phosphate-buffered saline;
qPCR, quantitative polymerase chain reaction; SCFA, short-chain fatty
acids; STZ, streptozotocin; T1D, type 1 diabetes; T2D, type 2 diabetes;
WSD, Western style diet; WT, wild-type.
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Tworldwide public health problem, is characterized
by the destruction of insulin-producing b cells, resulting in
insulin deficiency and, consequently, hyperglycemia as well
as a variety of resulting interrelated complications. Although
host genetics determine proneness to T1D, increasing evi-
dence supports an important role for environmental (ie,
non-genetic) factors, including diet and gut microbiota. For
example, depletion of gut microbiota by antibiotics partially
reduces disease onset in T1D rats.1–3 Furthermore, a variety
of alterations in gut microbiota composition are reported in
T1D patients,4,5 some of whom also exhibit disrupted in-
testinal barrier function.6,7 These studies suggest that
altering gut microbiota via diet may influence development
of T1D.

Numerous studies of humans and animal models indi-
cate that dietary fiber can modulate gut microbiota and
ameliorate aspects of metabolic syndrome including insulin
resistance.8–11 Metabolic benefits of fiber, particularly those
provided by soluble fibers, result, at least in part, from them
being fermented by gut bacteria. Fermentation products
themselves, namely short-chain fatty acids (SCFA), provide
an array of metabolic benefits including increased produc-
tion of and sensitivity to insulin, thus protecting against type
2 diabetes (T2D). Furthermore, independent of SCFA,
nourishing gut bacteria with fermentable fiber promotes
intestinal health in a manner that promotes better man-
agement of gut microbiota, thus ameliorating the low-grade
inflammation and consequently preventing insulin resis-
tance. In addition and/or alternatively, dietary fiber has
potential to reduce insulin resistance by ameliorating
numerous aspects of metabolic syndrome including hyper-
phagia, adiposity, and hyperlipidemia, in part by restoring
expression of interleukin (IL) 22, which is lost in mice fed
low-fiber diets.11

Research on fiber in the context of obesity and
metabolic syndrome has resulted in nutritional guidelines
increasingly recommending increased consumption of
fermentable fiber as a means of promoting metabolic
health and protecting against T2D.8,12 In contrast, the
potential value of modulating gut microbiota via fiber in
T1D is less extensively studied. Although T1D is primarily
driven by destruction of pancreatic b cells, insulin sensi-
tivity also impacts disease severity.13 Hence, we tested
the potential of fermentable fiber to ameliorate T1D using
2 well-established models of this disease, namely the
highly tractable streptozotocin (STZ)-induced and spon-
taneous genetic non-obese diabetes (NOD) mouse models.
We observed a striking potential for fermentable fiber to
prevent and treat STZ-induced diabetes and to delay
diabetes development in the NOD model. Such protection
in the STZ model required gut microbiota, fermentation,
and IL22, which, by itself, was able to ameliorate diabetes
development.
Results
Enrichment of Diet With Fermentable Fiber
Protects Against STZ-Induced Diabetes

An important consideration in diet-based research is
selection of a control diet. One logical choice is grain-based
rodent chow (GBC), which has long been widely used to
maintain lab rodents, but this diet is hard to precisely
manipulate and also varies seasonally, thus making its
composition difficult to specify. One of the well-appreciated
areas of variance of GBC relates to its fiber content, which
crude methods of analysis indicate comprises 5%–8% of the
diet’s mass, whereas more advanced methods reveal that
GBC has a total fiber content of 15%–25% fiber when
purchased from various providers14 or when comparing
batches from the same provider.15 Accordingly, many
studies use GBC to serve as a high-fiber diet and compare it
with a compositionally defined diet (CDD) designed to lack
fiber.16,17 By comparison, a widely used “open-source” CDD
mimics the overall fat, protein, and carbohydrate levels of
GBC, thus justifying its use as a control diet in many studies.
However, this commonly used CDD has a total fiber content
of only 5%, which is composed entirely of insoluble fiber,
cellulose, thus supporting its use as a low-fiber diet.11,16,18

The alkylating agent STZ is highly and preferentially
toxic to pancreatic b cells, enabling daily low-dose STZ
treatment to serve as a model of T1D.19 Accordingly, sub-
jecting GBC-fed C57BL/6 mice to 5 daily injections of STZ
resulted in a marked sustained hyperglycemia (Figure 1A
and B). Reminiscent of earlier work,18 feeding mice CDD by
itself promoted adiposity but did not induce hyperglycemia
(Figure 1B–D). However, relative to GBC, consumption of
CDD resulted in exacerbated diabetes in response to STZ as
assessed by measure of blood glucose, adiposity, and
pancreatic mass (Figure 1), leading us to hypothesize that
dietary fiber might ameliorate diabetes development.

To directly test the possibility that fiber protects against
STZ-induced diabetes, CDD was enriched with soluble fiber,
inulin, which is readily fermented by gut bacteria, or an
insoluble fiber, cellulose, which is difficult for non-ruminant
animals to ferment. These diets, which were administered 1
week before STZ treatment and referred to as CDD:Cell and
CDD:Inul, had total fiber contents of 20%, approximating
that of GBC (Figure 2A). Relative to mice consuming CDD,
those fed CDD:Inul displayed modest reductions in systemic
indices of inflammation including the percentage of splenic
neutrophils (Figure 2B and C). Moreover, CDD:Inul-fed mice
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Figure 1. Low-fiber diet exacerbated severity of STZ-induced diabetes. (A) C57BL/6 male mice (n ¼ 5) at age of 7 weeks
were fed with GBC or CDD for 1 week, after which some mice were injected with low dose of STZ for 5 constitutive days as
schematized. (B) Mice were monitored for blood glucose until 5 weeks after STZ treatment. (C) Change in body mass at 8
weeks after treatment relative to initial weight; (D) epididymal fat mass; (E and F) food and water consumption; (G) pancreas
weight.
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were markedly protected against STZ-induced diabetes on
the basis of levels of blood glucose and glycosylated he-
moglobin (HbA1c), whereas CDD:Cell provided only very
modest protection (Figure 2F and G). Such better glycemic
control of CDD:Inul-fed mice broadly correlated with reduced
disease by all diabetes-related parameters measured. Specif-
ically, STZ-treated mice fed CDD exhibited loss of adipose
mass (Figure 2H), hyperphagia (Figure 2I), and polydipsia
(Figure 2J), all of which are features of uncontrolled T1D in
humans. Enrichment of the diet with inulin, but not cellulose,
almost fully normalized these diabetic parameters. In addi-
tion, irrespective of STZ, CDD:Inul reduced levels of serum
cholesterol and triglycerides (Figure 2K and L), both of which
are common comorbidities of diabetes and which were
modestly increased by STZ. Furthermore, STZ-induced kidney
hypertrophy/dysfunction, which also occurs in severe T1D,
was prevented by enrichment of CDD with inulin but not
cellulose as assessed by kidney appearance, weight, and
blood urea nitrogen (Figure 3A–C).

Because of the central role of pancreatic islet destruction
in STZ-induced diabetes, we expected inulin’s protection
against STZ-induced diabetes might correlate with preser-
vation of insulin-containing pancreatic islets. In accord with
this notion, feeding of CDD:Inul prevented STZ-induced loss
of pancreatic mass and preserved pancreatic insulin staining
(Figure 3D–F). Such protection was associated with reduced
levels of inflammatory cytokines expression including MCP-
1 and IL6 in the pancreas (Figure 3G and H). In addition,
CDD:Inul also increased insulin sensitivity and did so irre-
spective of STZ treatment, as indicated by assay of fasting
blood glucose levels and the Insulin Sensitivity Index
(Figure 4A and B). Accordingly, relative to mice fed CDD or
CDD:Cell, those fed CDD:Inul displayed greater sensitivity to
exogenously administered insulin (Figure 4C–E). Moreover,
in mice that were and were not treated with STZ, feeding the
inulin-enriched diet markedly improved glycemic control as
assessed by glucose tolerance testing (Figure 4F–H).
Inulin-Enriched Diet Treats STZ-Induced
Diabetes

We next sought to investigate the potential of ferment-
able fiber to ameliorate STZ-induced diabetes after disease
had been established. CDD-fed mice were treated with STZ
to induce diabetes as described above. Two weeks later, at
which time marked hyperglycemia was evident, some mice
were switched to CDD:Inul (Figure 5A). Mice fed CDD
throughout the experiment displayed glucose levels that
continued to rise for several weeks after STZ treatment,
whereas glucose levels of mice switched to CDD:Inul
declined toward, but did not reach, the normal glucose
levels exhibited by STZ-treated mice that had consumed
CDD:Inul throughout the experiment (Figure 5B). Concom-
itantly, such mice switched to CDD:Inul after hyperglycemia
was established showed marked improvements in all
diabetes-related parameters measured including HbA1c



Figure 2. Enrichment of low-fiber diet with inulin but not cellulose prevented STZ-induced diabetes. (A) Five-week-old
C57BL/6 male mice were fed CDD, CDD:Cell, or CDD:Inul and 1 week later injected with vehicle or STZ (50 mg/kg) for 5
constitutive days as schematized. (B–E) Innate immune cells in spleen were analyzed by flow cytometry (FACS) before STZ
treatment. Representative flow cytometry plot included neutrophils (CD45þ, CD11bþ, MHCII-Ly6Gþ), DC (CD45þ, CD11b-,
CD11cþ) (C), macrophages (CD45þ, CD11bþ, MHCIIþ) (B). Percentage of neutrophils (C), DC (D), and macrophages (E) was
calculated in spleen. (F) Non-fasting glucose was monitored weekly. (G and H) HbA1c in blood (G) and epididymal fat mass (H)
were measured at end of experiment (12 weeks after STZ). (I and J) Two weeks before euthanasia, food (I) and water (J)
consumption was measured daily over several 24-hour periods. (K and L) Cholesterol (K) and triglycerides (L) in serum were
measured. Data are means ± standard error of the mean (n ¼ 4–10 mice per group) of an individual experiment and repre-
sentative of at least 2 separate experiments.
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(Figure 5C), insulin sensitivity (Figure 5D–F), and glucose
tolerance (Figure 5G and H) amidst restoration of adipose
mass (Figure 5I), which occurred despite reduced food
consumption (Figure 5J) and which was accompanied by
reduced kidney hypertrophy (Figure 5K). Thus, diets rich in
fermentable fiber inulin may have potential to both prevent
and treat diabetes.
Impact of Fiber and STZ on Gut Microbiota
Inulin’s protection against Western style diet (WSD)–

induced metabolic syndrome is mediated by gut micro-
biota.10,11 Hence, we next examined the impact of fiber
consumption on microbiota in the context of STZ-induced
diabetes. Analogous to our work with WSD, inulin enrich-
ment of CDD led to a marked enhancement in the total
amount of bacteria per mg feces, ie, bacterial density, which
was not impacted by STZ treatment (Figure 6A). In further
accord with previous studies, enrichment of CDD with inulin
had a greater impact on overall microbiota composition
than did cellulose as visualized via principal coordinate
analysis (Figure 6B). This notion was confirmed by measure
of the Uni-Frac distances separating CDD and CDD:Inul
samples, which were significantly higher compared with
those of CDD and CDD:Cell (Figure 6C). Regardless of diet,
STZ itself had a marked impact on microbiota composition



Figure 3. Inulin-enriched diet prevented STZ-induced kidney and pancreatic islet damage. (A–C) STZ-treated and un-
treated mice were euthanized at end of experiment (12 weeks and STZ); kidney weight (A) and images of kidney in STZ-treated
mice (B); blood urea nitrogen (BUN) in serum of mice measured by enzyme-linked immunosorbent assay (C). (D–H) Pancreas
weight (D) and insulin staining per section were calculated using ImageJ software (E); representative image of HE and
immunofluorescence microscopy; insulin (green), counterstained with DAPI (blue) in STZ-treated mice (F). (G and H) MCP-1 (G)
and IL6 (H) in pancreas measured by quantitative real-time PCR. Data are means ± standard error of the mean (n ¼ 4–9 mice
per group) of an individual experiment and representative of at least 2 separate experiments.
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but did not markedly affect the overall extent to which
inulin enrichment of CDD altered microbiota composition
within this context, although both cellulose and inulin
modestly blunted the impact of STZ treatment on micro-
biota composition (Figure 6D). Assessment of microbiota by
Faith’s phylogenic diversity did not detect significant im-
pacts of STZ but revealed a modest increase in alpha di-
versity in CDD:Cell fed mice after STZ treatment (Figure 6E).
A common feature of microbiotas associated with inflam-
matory disease states, including obesity, is an increase in the
phylogenic ratio of Firmicutes to Bacteroidetes. STZ itself
induced such an increase in this ratio in mice fed CDD and
CDD:Cell but not CDD:Inul (Figure 6F and G). To assess how
fiber impacted STZ-induced changes in microbiota compo-
sition at the genus level we used linear discriminant anal-
ysis effect size (LefSe) analysis. This analysis revealed that
although STZ induced some changes in microbiota compo-
sition irrespective of diet, for example an increase in Allo-
buculum and Bifidobacterium, other STZ-induced changes
were uniquely present or absent in mice fed the inulin-
enriched diet (Figure 7). Specifically, STZ induced Akker-
mansia only in inulin-fed mice (Figure 7A), reminiscent of
findings that this taxa contributes to inulin’s amelioration of
glycemic control in T2D.8 Moreover, LEfSe revealed a stark
STZ-induced increase in the genera Enterococcus in mice fed
CDD and CDD:Cell but was absent in STZ-treated mice fed
CDD:Inul (Figure 7B). Culture-based quantification
confirmed that CDD:Inul inhibited STZ-induced expansion of
pathobiont Enterococcus, which might possibly promote
inflammation and consequently insulin resistance in dia-
betic mice (Figure 7C). Last, we measured total levels of
bacteria adherent to intestinal tissue by quantitative poly-
merase chain reaction (qPCR) and observed that STZ
induced an increase in this parameter, which was not
observed in mice fed CDD:Inul (Figure 7D). Together, these
results indicate that STZ drives seemingly detrimental
changes in gut microbiota that are blunted by inulin.

Inulin’s Protection Against STZ-Induced Diabetes
Is Microbiota-Dependent

Inducing dysglycemia with WSD and preventing it with
inulin require presence of gut microbiota.11 Hence, we
investigated the extent to which gut microbiota played a
similar role in STZ-induced diabetes. Before and after STZ



Figure 4. Inulin-enriched diets increased insulin sensitivity. (A and B) STZ-treated and untreated mice at 11 weeks after
STZ treatment were fasted for 5 hours; glucose was measured (A), and insulin sensitivity check index was calculated (B). (C–E)
Mice without or with STZ treatment were fasted for 5 hours, injected IP with insulin at dose of 5 or 7.5 U/g body weight,
respectively, and glucose was measured at indicated time points (insulin tolerance test [ITT]) (C and D); area under curve was
calculated (E). (F–H) Five-hour fasted mice were administered with glucose (2 g/kg body weight) IP to measure glucose
tolerance test (GTT) (F and G); area under curve was calculated (H).

Figure 5. Treatment of established STZ-induced diabetes by inulin-enriched diet. (A) Mice were fed CDD or CDD:Inul diets
for 1 week before IP injection with low dose of STZ for 5 constitutive days. One group of CDD fed mice was then switched to
CDD:Inul at 2 weeks after STZ treatment. (B and C) Glucose was monitored (B); HbA1c in blood was measured at end of
experiment (C). (D–F) Insulin tolerance test (ITT) was measured (D), area under curve was calculated (E), and percentage of
decreased glucose as compared with initial glucose based on ITT of D (F). (G and H) Glucose tolerance test (GTT) was
measured (G); area under curve was calculated (H). (I–K) Epididymal fat (I), food consumption (J), and kidney weight (K). Data
are means ± standard error of the mean (n ¼ 4–5 mice per group) of an individual experiment and representative of at least 2
separate experiments.
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Figure 6. Enrichment of diet with inulin ameliorated STZ-induced dysbiosis. (A) Fecal DNA from mice (n ¼ 5) before and
after STZ treatment was extracted to measure total bacterial number by qPCR. (B–G) Fecal microbiota composition was
analyzed by 16S RNA sequencing; global composition was expressed by unweighted UniFrac principal component analysis (B);
principal component analysis of the Unifrac distance (C and D); alpha diversity was analyzed by Faith’s phylogenetic diversity
(E); relative abundance of bacteria at the phylum level (F) and the ratio of Firmicute to Bacteroidetes were calculated (G).
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treatment some mice received via drinking water a mixture
of ampicillin, neomycin, vancomycin, and metronidazole
previously shown to broadly suppress gut bacteria and
eliminate inulin’s beneficial impacts in mice fed WSD.11,20

Such antibiotic treatment moderately reduced the severity
of STZ-induced diabetes and also eliminated the near com-
plete protection provided by inulin as assessed by dysgly-
cemia and its associated parameters such as hyperphagia
(Figure 8A and B). These results suggest that gut bacteria
may play a role in promoting STZ-induced dysglycemia and,
more unequivocally, indicate that microbiota are needed for
inulin’s protection in this model.

A frequently cited reason for why dietary fiber might
improve glycemic control is that chemical products of its
fermentation, namely SCFA, promote insulin sensitivity. We
sought to test this possibility in STZ-treated mice by
administering a mixture of SCFA via drinking water. This
approach did not ameliorate STZ-induced hyperglycemia
(Figure 8C). On the one hand, such lack of efficacy may
reflect that orally administered SCFA are largely absorbed in
the small intestine and thus did not elevate SCFA levels in
the cecum/colon (Figure 8D–F). Yet on the other hand, that
this mode of SCFA administration promotes development of
regulatory T cells21 argues against such SCFA-elicited cells
being sufficient to suppress STZ-induced diabetes. To
investigate whether fermentation of inulin into SCFA in the
large intestine was necessary for protection against STZ-
induced diabetes, mice were administered drinking water
supplemented with hops b-acids, which are very potent
inhibitors of fermentation,22 thus preventing inulin-induced
increases of colon SCFA without preventing increases in
microbiota density.11 We observed a similar pattern of re-
sults in that enriching CDD with inulin resulted in marked
increases in cecal SCFA, namely acetate, propionate, and
butyrate, that were abolished by hops b-acids (Figure 8G).
Such blockade of fermentation reduced but did not elimi-
nate the ability of inulin to ameliorate hyperglycemia, ele-
vations in HbA1c, and kidney hypertrophy in STZ-treated
mice (Figure 8H–J). Together, these results indicate an
important role for fermentation of inulin in mediating pro-
tection against STZ-induced diabetes but suggest that
additional mechanisms are also important.



Figure 7. Enrichment of
diet with inulin altered
gut microbiota composi-
tion. (A) LEfSe was used to
display differences in rela-
tive abundance of genus in
feces of mice between
before and after STZ
treatment. (B–D) Percent-
age of Enterococcus was
calculated (B). Entero-
coccus spp. were analyzed
by selective cultural plate
(C). Relative level of intes-
tinal adherent bacteria was
analyzed by qPCR (D).
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IL22 Is Necessary for and Partially Recapitulates
Inulin’s Protection Against STZ-Induced Diabetes

Enrichment of WSD with inulin increases intestinal
innate lymphoid cell IL22 expression, which is necessary for
its protection against metabolic syndrome.11 Therefore, we
examined the extent to which IL22 might play a role in in-
ulin’s protection against STZ-induced diabetes. In accord
with this possibility, we observed that STZ resulted in
reduced intestinal IL22 expression, which was partially
restored by CDD:Inul (Figure 9A). Furthermore, the strong
protection against all parameters of STZ-induced diabetes
conferred by CDD:Inul was largely absent in IL22-/- mice
(Figure 9B–H). Thus, inulin’s protection against STZ-induced
diabetes is highly dependent on IL22. We next sought to
investigate the relationship between IL22 and SCFA. First,
we considered the hypothesis that IL22, which is known to
induce expression of antimicrobial peptides, might influence
levels of fermenting bacteria and thus impact inulin-induced
SCFA levels. However, CDD:Inul similarly increased cecal
SCFA in wild-type (WT) and IL22-/- mice (Figure 9I), arguing
against this possibility. Conversely, blockade of SCFA pro-
duction via hops b-acids did not reduce inulin-induced
expression of IL22 (Figure 9J). These results indicate that
IL22 and fermentation are both microbiota-dependent but
yet independent of each other, consequences of adding
inulin to diet that protect against STZ-induced diabetes.

Next we examined whether IL22 expression might play a
role in limiting the extent of diabetes in response to STZ in
mice fed GBC, which is composed of ingredients that contain
fermentable fiber, albeit likely at levels less than CDD:Inul.
We compared the response of IL22-/- and closely related WT
mice (offsprings of littermates) with STZ treatment. STZ-
treated IL22-/- female mice exhibited more severe diabetes
by all parameters measured including non-fasted and fasted
blood glucose level, glucose tolerance, HbA1c, as well as
food and water consumption (Figure 10A–E). Such exacer-
bated diabetes associated with reduced adiposity and
exacerbated complications of diabetes including increased
liver/kidney and cardiac mass (Figure 10F–I). These results
suggest that analogous to mice fed inulin-enriched diets,
IL22 expression helps limit severity of STZ diabetes in mice
fed GBC. We next investigated whether supplementing basal
IL22 production in mice fed GBC via administering exoge-
nous IL22 might be sufficient to reduce severity of STZ-
induced diabetes. Two weeks after STZ treatment, at
which time hyperglycemia was established, mice were



Figure 8. Beneficial impacts of inulin on STZ-induced diabetes were eliminated by antibiotics and reduced by
fermentation blockade. (A and B) Mice (n ¼ 5) were treated with CDD or CDD:Inul with or without antibiotic cocktail including
ampicillin, neomycin, vancomycin, and metronidazole, glucose was monitored after STZ treatment (A), and food intake was
measured (B). (C) Mice were fed with CDD or CDD:Inul diets with or without SFCA supplemented in drinking water and then
treated with STZ to induce T1D; glucose was measured. (D-F) SCFA was measured in cecum content of mice fed a WSD, WSD
enriched with inulin, or WSD and drinking water containing a mixture of sodium acetate, butyrate, and propionate. (G–J)
C57BL/6 mice were given drinking water containing vehicle or 40 ppm of b acid during diet treatment. After 1 week, these mice
were euthanized to collect cecum for measuring the level of SCFA or were subjected for treatment with STZ. Acetate, pro-
pionate, and butyrate were measured at 1 week of b-acid treatment (G). Glucose was monitored after STZ treatment (H),
HbA1c (I), and kidney weight (J) was measured at end of experiment. Abx, antibiotics.
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injected twice per week with vehicle (phosphate-buffered
saline [PBS]) or recombinant IL22 for 3 weeks. IL22 treat-
ment resulted in improved glycemic control as assessed by
non-fasted and 5-hour fasted blood glucose (Figure 10J and
K), which was associated with increased sensitivity to
exogenously administered insulin (Figure 10K and L). Such
benefits dissipated over the subsequent 3 weeks after
cessation of IL22 treatment, suggesting that IL22 impacted
the diabetic state rather than reversed STZ-induced injury
(Figure 10J–O). Together, these results indicate that IL22
contributes to and can partially recapitulate fermentable
fiber’s protection against STZ-induced diabetes.

Last, we began to explore possible mechanisms by which
IL22 and SCFA might mediate inulin’s protection against
STZ-induced diabetes. The microbiota dependence of such
protection and the fact that IL22 is known to induce
epithelial production of antimicrobial peptides23 suggest
that inulin might help manage microbiota by such a mech-
anism. In accord with this possibility, mice fed CDD:Inul
exhibited elevated intestinal expression of Reg3 g and a-
defensin (Figure 11A and B). Regarding how fermentation of
inulin protected against STZ-induced diabetes, we reasoned
that the apparent requirement that SCFA be generated in
the distal gastrointestinal tract suggested a possible role in
impacting immune responses in this compartment. Indeed,
we observed that enriching CDD with inulin resulted in
increased regulatory T cells and decreased effector CD4 T
cells in the intestinal mesenteric lymph nodes
(Figure 11C–F). We envisage that such impacts of inulin on
innate and adaptive immunity would not only protect
against STZ-induced diabetes but might confer this fiber
with ability to ameliorate T1D induced by various under-
lying causes. To test this notion, we used the NOD model
characterized by this mouse strain’s sporadic and rapid
development of diabetes that occurs from 12 to 30 weeks of
age in various studies. In accord with other studies, when
they were fed GBC, 50% of NOD mice developed severe
diabetes (glucose more than 599 g/dL) by 18 weeks of age.
Diabetes development was significantly delayed by more
than 4 weeks in NOD mice fed CDD:Inul but not CDD:Cell
(Figure 11G), thus supporting the notion that fermentable
fiber might generally protect against T1D.



Figure 9. IL22 was necessary for inulin’s prevention of STZ-induced diabetes. (A) Mice (n ¼ 4–5), WT and IL22 KO, were
fed CDD or CDD:Inul diets and treated with STZ to induce hyperglycemia. Expression of IL22 was analyzed by using ex vivo
culture of colonic tissue of WT mice. (B) Blood glucose was monitored. (C and D) Epididymal fat (C) and the pancreas (D) were
weighed at end of experiment. (E–G) Insulin sensitivity check index was calculated (E); insulin tolerance test (ITT) was con-
ducted as mentioned (F); area under curve of ITT was calculated (G). (H) Kidney weight. (I) Feces was collected to measure
SCFA. (J) Expression of IL22 was analyzed by using ex vivo culture of colonic tissue of WT mice fed with indicated diets with or
without b-acid treatment.
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Discussion

The central finding reported herein is that nourishing
intestinal microbiota via provision of the fermentable fiber
inulin resulted in protection in 2 experimental models of
T1D. Although this finding can be viewed as an extension of
previous reports that fermentable fiber ameliorates T2D,11

marked distinctions in the underlying causes and presen-
tation of these diseases make these observations quite
surprising. Specifically, while fermentable fiber provides a
benefit in T2D by ameliorating the central defining feature
of this disease, namely insulin resistance, inulin’s protection
against STZ-induced diabetes associated with preservation
of pancreatic b cells, whose loss is the central pathogenic
event in T1D.24 Furthermore, the beneficial impacts of
fermentable fiber on glycemic control in T2D models are
highly intertwined with mitigating other central features of
metabolic syndrome, especially adiposity.25 In contrast, in
the STZ model, consumption of inulin resulted in markedly
improved glycemic control while maintaining body mass.
This suggests that preservation of normoglycemia in the STZ
model may be a relatively proximal consequence of con-
sumption of fermentable fiber and, in any case, is clearly not
dependent on reducing adiposity. That inulin protected
against STZ-induced hyperglycemia while preserving body
mass provides a readily appreciable health benefit in this
disease model. Specifically, weight loss and accompanying
reductions in blood glucose levels do not necessarily reflect
improved health. Indeed, weight loss and resulting changes
in glycemia can also be a consequence of various diseases,



Figure 10. Use of recombinant IL22 to treat STZ-induced diabetes. (A) C57BL/6 WT and IL22 KO female mice (n ¼ 5) fed
with grain-based chow diet were treated with STZ; the glucose levels were measured until 50 days after STZ treatment. (B)
Glucose tolerance test; (C) HbA1c level. (D and E) Food and water consumption. (F–I) Percentage of epididymal fat (F), liver (G),
kidney (H), and heart (I) to body weight. (J–O) 2 weeks after STZ treatment, diabetic mice were injected IP with PBS or re-
combinant IL22 (rIL-22) 2 times every week until 35 days; these mice were euthanized at 56 days after STZ treatment. (J)
Glucose was monitored. (K and L) Insulin tolerance test at day 35 after STZ treatment (K) and percentage to initial glucose after
insulin injection were calculated (L). (M and N) Food (M) and water (N) consumption were measured 1 week before mice
euthanasia. (O) Ratio of epididymal fat to body weight was calculated.
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thus making it difficult to discern, especially in relatively
short-term studies in mice, if a dietary intervention that
lowered blood glucose was truly health-benefitting. In
contrast, in the STZ-induced diabetes model, fiber not only
improved diagnostic markers of disease but also clearly
made the STZ-treated mice healthier in that it ameliorated
overt clinical-type disease features such as excessive thirst/
urination and wasting despite hyperphagia that often result
in death if untreated.

Inulin’s prevention of b cell loss in the STZ model sug-
gests potential to reduce development of T1D in scenarios
wherein b cells are challenged by environmental stressors.
Indeed, a growing list of environmental chemicals that
humans encounter (eg, persistent organic pollutants) are
reported to damage or destroy b cells and/or impede insulin
secretion in model systems.26,27 Accordingly, persons with
higher exposures to organic pollutants display lower insulin
secretion after glucose challenge.28 Increased exposures to
such chemicals mirror the steadily rising incidence of T1D in
children.29,30 Although mechanisms by which fiber might
protect b cells are unclear, that inulin’s protection against
STZ-induced diabetes associated with and required IL22
suggests a potential role for regenerating islet III (Reg3) b
and g proteins, which are highly induced by IL22 and can
prevent loss of b cells.31,32 Such a role for Reg3 proteins
accords with recent appreciation that they can act as gut-
derived hormones.33 Consequently, whether Reg3 proteins
produced in response to IL22 in the intestine are trans-
ported to the pancreas and impact b cells therein warrants
investigation.

The notion that IL22 has broad metabolic consequences
comports with our previous finding that this cytokine is
required for inulin’s protection against WSD-induced
metabolic syndrome11 and findings by others that exoge-
nously administered IL22 results in metabolic improve-
ments in WSD-fed and leptin-deficient mice.34 The ability of
IL22 to protect against hyperglycemia in T1D and T2D
models reflects that despite their differences, there are



Figure 11. Inulin modulated gut immunity and delayed diabetes development in NOD mice. (A–F) C57BL/6 male mice (n ¼
4–5) were fed CDD, CDD:Cell, or CDD:Inul for 1 week before euthanasia. Colon reg3 g and a-defensin expression was
analyzed by quantitative real-time PCR (A and B). Intestinal mesenteric lymph node T-cell populations were assayed by flow
cytometry. Representative flow cytometry plot of T cells (C). Percentage of CD4 T-regulatory cells (D), total CD4 (E), and CD8
(F) T cells in mesenteric lymph nodes. (G) NOD mice (n ¼ 9–10) were fed with indicated diets, and diabetes development was
monitored as defined by blood glucose greater than 250 mg/dL.
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some similarities in disease pathophysiology and conse-
quently how inulin protects therein. Alterations in gut
microbiota strongly associate with both T1D and T2D and
may be an important determinant of disease development.35

Accordingly, in models of both, inulin’s protection against
disease was fully eliminated by antibiotics, indicating a role
for microbiota. Moreover, both STZ- and WSD-induced hy-
perglycemia was itself partially ameliorated by antibiotics.36

Considering these observations, together with IL22’s ability
to protect mucosal surfaces, including by driving expression
of antimicrobial peptides, suggests that a portion of inulin’s
ability to ameliorate diabetes may reflect its ability to help
maintain a beneficial host-microbiota relationship, both by
restoring microbiota density and by preventing detrimental
changes in microbiota composition.

A stable beneficial host-microbiota relationship is pro-
posed to protect against T2D by minimizing low-grade
inflammation, which can promote insulin resistance.37

That the inulin-enriched diet decreased splenic neutro-
phils and increased sensitivity to insulin suggests that
mitigating low-grade systemic inflammation, and
consequently insulin resistance, may contribute to its pro-
tection in the STZ model. This notion fits with recent
appreciation that the severity of T1D in humans is impacted
by insulin sensitivity.38,39 In addition to directly impacting
blood glucose levels, insulin’s ability to maintain glycemic
control can help preserve b-cell function. Indeed, in early
stages of diabetes, pancreatic b cells are not permanently
damaged and can be rescued by removing or alleviating
their stresses.40 Hence, inulin’s impact on insulin sensitivity
may contribute to its ability to preserve pancreatic function.
Specifically, we hypothesize that by limiting hyperglycemia,
which can be directly toxic to b cells, inulin’s promotion of
insulin signaling helps avoid the permanent destruction of
these cells. Considering such a scenario in the context
of microbiota suggests that dysbiosis observed in T1D pa-
tients might act as a trigger and/or exacerbating factor in
disease development, perhaps by promoting low-grade
inflammation, thus contributing to insulin resistance.
Conversely, it suggests that reshaping gut microbiota by
increased consumption of fermentable fiber in the early stage
of T1D might increase insulin sensitivity and thereby
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suppress disease development. Importantly, such a protec-
tive mechanism could potentially ameliorate T1D that might
otherwise be initiated by a wide degree of underlying causes.

The metabolic benefits of fermentable fiber are
frequently attributed to their fermentation products, namely
SCFA. That blockade of fermentation with hops b-acids
reduced inulin’s protection against STZ-induced hypergly-
cemia indicates an important role for fermentation in
mediating the beneficial effects of this in this T1D model.
Yet, direct SCFA administration by itself did not provide a
significant impact on STZ-induced diabetes, suggesting that
SCFA alone are not sufficient to recapitulate inulin’s benefits
or that their oral administration does not result in them
reaching necessary sites of action, which we hypothesize are
the cecum and colon. We initially hypothesized that colonic
SCFA might abrogate STZ-induced hyperglycemia by pro-
moting IL22 expression but found that inulin continued to
induce IL22 irrespective of fermentation blockade. More-
over, we find that SCFA lack ability to induce IL22 in an
ex vivo model (administration of mmol/L levels of SCFA to
an ILC3 cell line did not by itself induce IL22 or enhance the
amount of IL22 elicited by IL23). Conversely, inulin
continued to increase levels of SCFA in IL22-deficient mice,
thus indicating that IL22 and SCFA act independently to
improve glycemic control in STZ-induced diabetes. The
sporadic nature of diabetes development in the NOD model
makes mechanistic studies more challenging. Nonetheless,
we suspect that inulin’s dampening inflammation, and thus
insulin resistance, may also play a role in delaying disease in
NOD mice. In addition and/or alternatively, such dampening
of inflammation might alter the nature or kinetics of the
adaptive immune response that drives the destruction of b
cells in this model. Inulin increased intestinal lymph node
regulatory T cells, which previous studies indicate help
stabilize host-microbiota homeostasis and suppress the T-
cell mediated destruction of b cells.41,42

Although a long, albeit rarely deep, body of literature
supports the notion that dietary fiber is generally health-
promoting and protects against obesity and its associated
disorders including T2D, the extent to which dietary fiber
might provide a benefit in T1D is less clear. Although broad
societal comparisons have suggested reduced consumption
of fiber-rich foods to be associated with increased incidence
of this disorder, careful intra-society observational studies
have generally not consistently associated differences in fi-
ber consumption with development of T1D.43–45 Yet, such
studies suffer from a number of limitations including that
most persons consumed far less fiber than recommended by
most nutrition guidelines and did not distinguish types of
fiber. Indeed, host metabolism and consequently impacts of
insoluble fiber and soluble fiber are quite distinct. Indeed,
although insoluble fiber provides bulk, which can promote
intestinal motility and can have a variety of metabolic im-
pacts, such fibers do not have the marked impacts on gly-
cemic control induced by soluble fibers.11 Moreover, within
these subtypes, distinct fibers can have markedly distinct
impacts. For example, long-chain but not short-chain inulin
reduced development of immune-mediated diabetes
exhibited by NOD mice.42 Thus, we suggest that irrespective
of the range of potential initiators of T1D, use of ferment-
able dietary fiber and/or IL22 may have application as an
early intervention to ameliorate this disorder.

Mice, Diets, and Treatment
C57BL/6 WT mice were purchased from Jackson Lab-

oratory (Bar Harbor, ME) or bred at Georgia State Uni-
versity. IL22 KO mice, generated by Genentech (South San
Francisco, CA), were bred and housed at Georgia State
University. Mice were fed with GBC (cat# 5001; LabDiet),
purified CDDs (Supplementary Table 1; Research Diets,
Inc), and housed at Georgia State University under
approved animal protocols (IACUC # A17047). For
inducing diabetic models, 5-week-old mice (or at indicated
age) were fed with GBC or specified CDDs for 1 week and
then intraperitoneally (IP) injected with 50 mg/kg STZ for
5 consecutive days as previously described.46 For antibiotic
treatment, mice were fed with indicated CDDs and drinking
water containing ampicillin (1 g/L), vancomycin (0.2 g/L),
neomycin (1 g/L), and metronidazole (1 g/L) for 1 week
before treatments of STZ. Such diets and water containing
antibiotics were maintained until the end of experiment.
Mice were treated with vehicle control (propylene glycol)
or b-acid (40 ppm) in drinking water to inhibit the pro-
duction of SCFA, or mice were placed on drinking water
containing a mixture of SCFA (67.5 mmol/L sodium ace-
tate, 40 mmol/L sodium butyrate, and 25.9 mmol/L so-
dium propionate) according to previously described21 and
then treated with STZ to induce diabetes. For inulin
treating experiment, CDD fed mice were treated with STZ;
2 weeks after STZ treatment these mice were switched to
CDD:Inul. At the end of experiment, mice were fasted for 5
hours and then euthanized. Different organs, including
body weight, pancreas, and adipose weight, were
measured. NOD mice, 5 weeks old, were purchased from
Jackson Laboratory and housed in our animal facilities
under specific pathogen-free conditions. Blood glucose
(non-fasted) was measured weekly until 24 weeks.

Five-Hour Fasting Blood Glucose Measurement
and Insulin Sensitivity Check Index

Mice were provided with water without food for 5 hours
in a clean cage; blood glucose level was measured by using a
Nova Max Plus Glucose Meter and expressed in mg/dL. In-
sulin in the serum of fasted and non-fasted mice was
measured by enzyme-linked immunosorbent assay accord-
ing to the kit instruction (#EZRMI-13K, rat/mouse insulin
ELISA kit; Millipore, Burlington, MA). Quantitative insulin
sensitivity check index (QUICKI) values were calculated as
follows: 1/(log[fasting insulin mU/mL] þ log[fasting
glucose mg/dL]).

Glucose and Insulin Tolerance Test
To conduct glucose tolerance test, mice were fasted for 5

hours, their weight and baseline blood glucose were
measured by using a Nova Max plus Glucose meter, and then
they were IP injected with 2 mg of glucose per gram of body
weight. For insulin tolerance test, 5-hour fasted mice were
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IP injected with 0.5 U or 0.75 U insulin/kg body weight. The
blood glucose levels were measured 30, 60, and 90 minutes
after injection.

Measurement of Food and Water Consumption
One week before euthanasia (or at the indicated time

points), mice with 4–5 mice per cage were placed in a clean
cage with a known amount of food and water. The
remaining food and water were measured daily to calculate
the food and water consumption and divided by number of
mice. These mice were measured 3–7 constitutive days to
calculate the average of food and water consumption per
mouse in one cage. Because of the availability and limitation
of equipment, the evaporation of water and water lost by
spillage into the cage are not taken into account.

HbA1c Measurement
HbA1c levels were measured in whole blood of non-

fasted mice by a cut in the tail vein and using the quick
test A1CNowþ 20 test-kits.

Measurement of Cholesterol and Triglycerides
Cholesterol and triglycerides levels in serum were

measured using the Infinity Cholesterol Reagent and Infinity
Triglyceride Reagent System (Thermo Fisher Scientific,
Waltham, MA) according to manufacturer’s instructions,
respectively. Briefly, 2 ml serum was mixed with 200 mL
Triglyceride Reagent or Cholesterol Reagent and incubated
for 5 minutes before being measured by a 96-well plate
reader.

Measurement of SCFA
Cecal content was collected immediately after non-fasted

mice were euthanized and then weighed before freezing.
Levels of acetate, propionate, and butyrate in the samples
were measured after extraction with ethyl acetate using
Agilent 7890A gas chromatography (Santa Clara, CA) with a
fused silica capillary column (Nukon SUPELCO No: 40369-
03A, Bellefonte, PA) as described.47 Heptanoic acid is used
as internal standard, and the results are presented as mmol/
g or mg/g of cecal/fecal content.

RNA Extraction and Real-Time PCR
Total RNA was isolated from colon or pancreas using

TRIzol (Invitrogen, Carlsbad, CA); the expression level of
Reg3g, a-defensin in colon, and MCP-1, IL6 in pancreas was
analyzed by using quantitative real-time PCR according to
the Biorad iScript One-Step RT-PCR Kit in a CFX96 appa-
ratus (Bio-Rad, Hercules, CA) with the following primers:
Reg3 g: TTCCTGTCCTCCATGATCAAA, CATCCACCTCTGTTG-
GGTTC; a-defensin: GGTGATCATCAGACCCCAGCATCAGT,
AAGAGACTAAAACTGAGGAGCAGC; IL6: GTGGCTAAGGAC-
CAAGACC, GGTTTGCCGAGTAGACCTCA; MCP-1: GCTGGAG-
CATCCACGTGTT, TGGGATCATCTTGCTGGTGAA; 36B4:
TCCAGGCTTTGGGCATCA, CTTTATTCAGCTGCACATCACT-
CAGA. Differences in transcript levels were quantified by
normalization of each amplicon to housekeeping gene 36B4.
H&E Staining and Immunofluorescence Staining
For histology analysis, mouse pancreas was fixed in 10%

phosphate-buffered formalin for at least 1 week before
transfer into 70% ethanol and embedded in paraffin for
histologic examination by H&E staining. To perform immu-
nofluorescence staining, mouse pancreas was embedded in
OCT after euthanasia. The tissues were sectioned at 4-mm
thickness and fixed with 4% formaldehyde for 30 minutes at
room temperature. After washing with PBS, the tissue was
permeabilized in cold methanol for 5 minutes. The section
was blocked with blocking buffer (Zymed Laboratories Inc,
San Diego, CA) before incubation with anti-insulin antibody
(Cell Signaling Technology, Danvers, MA; catalog #3014)
overnight at 4�C. The section was then stained with fluo-
rescein isothiocyanate–labeled Secondary Fluorescent Anti-
body. After washing in PBS, the tissues were counterstained
with mounting medium containing DAPI. Pancreatic islets
were evaluated using ImageJ software (National Institutes of
Health, Bethesda, MD).

Flow Cytometry Analysis
Cell suspension was isolated from spleen and intestinal

mesenteric lymph nodes of mice fed with CDD, CDD:Cell, or
CDD:Inul for 1 week by gently dissociating through a 70-mm
cell strainer using the plunger of a 5-mL syringe. Fluores-
cence dye labeled antibodies specific for CD45-PerCP
(30-F11), CD11b-eF450 (M1/70), CD11c-APC (N418),
MHCII-FITC (M5-114.15.2), Ly6G-APC-Cy-7 (1A8), CD4-
APC-Cy7 (L4T3), CD8-PE-Cy5.5 (53-6.7), FoxP3-APC (FJK-
16S) were purchased from BioLegend (San Diego, CA),
Becton Dickinson (Franklin Lakes, NJ), and eBioscience (San
Diego, CA). Fc-Block (2.4G2) was purchased from BioXCel
Therapeutics (New Haven, CT). Dead cells were stained
using the fixable Aqua dead cell staining kit (Invitrogen). For
analysis of antigen-presenting cells (macrophages, DCs) and
neutrophil in the spleen, splenocytes were stained on ice for
20 minutes with antibodies specific for CD45, MHCII,
CD11b, CD11c, and Ly6G. For analysis of T cells in mesen-
teric lymph nodes, the cells were restimulated with stimu-
lation cocktail (plus protein transported inhibitor) for
3 hours. Restimulated cells were fixed and permeabilized
using Fix/Perm buffer set (eBioscience) and intracellular
staining with antibodies specific for CD4, CD8, FoxP3,
in FoxP3 staining buffer (eBioscience). Multiparameter
analysis was performed on the CytoFlex (Beckman Coulter,
Brea, CA) and analyzed with FlowJo software (TreeStar,
Ashland, OR).

Enzyme-Linked Immunosorbent Assay
One centimeter of colons closest to the cecum was cut

open longitudinally and washed with ice cold PBS for mul-
tiple times to remove remaining feces. Then the tissues were
cultured in 24-well flat bottom culture plates in RPMI 1640
medium supplemented with penicillin and streptomycin,
2% fetal bovine serum. After 24 hours, supernatant was
collected and stored at –80�C. The concentration of IL22 in
the supernatant was measured according to the ELISA kit
provided by R&D Systems (Minneapolis, MN). The
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concentration of blood urea nitrogen in the serum was
measured using the BUN ELISA kit (Invitrogen) according to
its provided instructions.

Bacterial Quantification in Feces and in Cecum
Tissue

To measure the total fecal bacterial load, total DNA was
isolated from weighted feces using QIAamp DNA Stool Mini
Kit (Qiagen, Hilden, Germany). DNA was then subjected to
qPCR using QuantiFast SYBR Green PCR kit (Bio-Rad, Her-
cules, CA) with universal 16S rRNA primers 8F:
50-AGAGTTTGATCCTGGCTCAG-30 and 338R: 50-
CTGCTGCCTCCCGTAGGAGT-30 to measure total bacteria
number. Results are expressed as bacteria number per mg
of stool using a standard curve. To measure the adherent
bacteria to the cecum tissue, the distal end of cecum was
cut, the feces were flushed out, and cecum tissue was
washed in PBS 3 times before storage in –80�C. Half milli-
liter of PBS was added into the cecum tissue to boil at 100�C
for 10 minutes. After being centrifuged at 1200 rpm for 10
minutes, the supernatant was subjected to qPCR using
universal 16S rRNA primers 8F and 338R to measure the
bacteria to epithelial cells. Differences in the relative abun-
dance of bacteria in cecum tissue were quantified by
normalization of the housekeeping gene 18S rRNA.

Gut Microbiota Analysis by Using 16S Ribosomal
RNA Gene Sequencing

The DNA was extracted from feces by using the
QIAamp PowerFecal Pro DNA Kit, and 16S rRNA gene
amplification was conducted according to the Illumina 16S
Metagenomic Sequencing Library (San Diego, CA) prepara-
tion guide as described.48 Briefly, the extracted DNA was
used to amplify the region V4 of 16S rRNA genes by the
following forward and reverse primers: 515FB:
50TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGYCAGC-
MGCCGCGGTAA-30; 806RB: 50GTCTCGTGGGCTCGGAGATGT
GTATAAGAGACAGGGACTACNVGGGTWTCTAAT-30. These 2
primers were designed with overhang Illumina adapters.

PCR products of each sample were purified with
Ampure XP magnetic purification beads (Agencourt) and
then run on the bioanalyzer high sensitivity chip to verify
the size of the amplicon. A second PCR was performed to
attach dual indices and Illumina sequencing adapters us-
ing Nextera XT Index kit. Products were then quantified
before the DNA pool was generated from the purified
products in equimolar ratios. The quantity of pooled
products was measured before sequencing on the Illumina
MiSeq sequencer (paired-end reads, 2 � 250 base pairs) at
Georgia Institute of Technology Molecular Evolution Core
(Atlanta, GA). Sequences were demultiplexed and quality
filtered using Dada2 method49 with QIIME2 default
parameters to detect and correct Illumina amplicon
sequence data, and a table of Qiime 2 artifact was gener-
ated. A tree was next generated using the align-to-tree-
mafft-fasttree command for phylogenetic diversity
analyses, and alpha and beta diversity analyses were
computed using the core-metrics-phylogenetic command.
Principal coordinates analysis plots were used to assess
the variation between experimental groups (beta di-
versity). For taxonomy analysis, features were assigned to
operational taxonomic units with 99% threshold of pair-
wise identity to the Greengenes reference database
13_8.50 LEfSe was used to investigate bacterial members
at genus level between groups. The sequencing data are
deposited at SRA database under accession number
PRJNA666190.

Measurement of Enterococcus in Selective Plate
The fresh feces were collected from mice fed with the

indicated diets by using sterile boxes individually and
weighed to prepare 100 mg/mL in PBS. The resuspended
feces were homogenized for 30 seconds using a Mini-
Beadbeater without the addition of beads. The Entero-
coccus species was counted by using serial dilution and
plate counting with Enterococcus selective plate. The num-
ber of Enterococcus species in feces was expressed as
colony-forming units/g feces.

Recombinant IL22 Treatment
Five-week-old C57BL/6 WT mice were IP injected with

50 mg/kg STZ for 5 consecutive days. These mice were IP
injected with PBS or recombinant IL22 (20 mg/per mouse,
provided by Genentech, Inc as murine Fc-IL-22) two times
every week beginning 2 weeks after STZ treatment. Re-
combinant IL22 treatment was stopped at day 35 after STZ
treatment. These mice were maintained on GBC until 56
days after STZ treatment before euthanasia.

Statistical Analyses
Statistical significances of results were analyzed by un-

paired Student t test or analysis of variance. Differences
between experimental groups were considered significant at
*P � .05, **P � .01, ***P � .001, ****P � .0001, and ns, not
significant.
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