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Objectives: We aimed to determine if oral faecal microbiota transplantation improves indices of 

glycaemic control, changes the faecal dysbiosis indices, alters faecal short-chain fatty acid and bile 

acid profiles and increases serum glucagon-like-peptide 1 concentrations in diabetic dogs.

Materials and Methods: In this prospective randomised, placebo-controlled, double-blinded pilot study, we 

recruited nine diabetic dogs (five faecal microbiota transplantation and four placebo) and nine healthy 

controls.

Results: Compared to healthy dogs, diabetic dogs had altered faecal short-chain fatty acid and bile 

acid profiles. In the first 30 days, the faecal microbiota transplantation group had a more rapid decline 

in interstitial glucose; however, the mean interstitial glucose of the faecal microbiota transplantation 

recipients did not differ from the placebo recipients at the end of the study. Compared with placebo, 

faecal microbiota transplantation recipients had a decreased 24-hour water intake at day 60 and 

increased faecal abundance of Faecalibacterium.

Clinical Significance: This study provides a proof of concept for faecal microbiota transplantation 

in canine diabetes, and its data could inform the design of future large-scale studies. Further 

investigation is required to determine whether faecal microbiota transplantation would have any 

role as an adjunctive therapy in canine diabetes and to elucidate the mechanisms by which faecal 

microbiota transplantation may provide a beneficial clinical effect in canine diabetes.
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INTRODUCTION

Diabetes mellitus (DM) is one of the most common endocrine 
diseases in dogs, with a prevalence ranging between 0.15% 
and 1.33% (Davison et al., 2005; Fracassi et al., 2004; Guptill 
et  al.,  2003; Mattin et  al.,  2014; Wiles et  al.,  2017). In most 
diabetic dogs, beta-cells are lost, leading to a deficiency in 
insulin production and an absolute requirement for exogenous 
insulin. Previous studies indicated that dogs with diabetes may 

have changes in the composition of gut microbial communities, 
including bacteria that are associated with the fermentation 
of short-chain fatty acids (SCFAs) (Jergens et  al.,  2019; Laia 
et  al.,  2022). If changes in the composition of gut microbial 
communities (i.e., gut dysbiosis) are mechanistically linked to 
canine DM, then restoring a state of eubiosis may possibly have a 
positive effect on the management of canine DM.

Evidence from diabetic humans and diabetic animal models 
suggest that the intestine and gut dysbiosis may intersect with 
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DM in part through the “leaky gut syndrome” (Iatcu et al., 2021; 
Tanase et al., 2020; Wang et al., 2019; Zhang et al., 2020; Zhou 
et al., 2022). Gut leakiness leads to a state of chronic inflammation 
resulting in reduced insulin sensitivity (Tanase et al., 2020). Short-
chain fatty acids (SCFA) that are derived from gut microbiome 
(GM) metabolism contribute to gut leakiness. SCFAs signalling 
through the G-protein-coupled receptors 43 and 41 (GPR43/
FFA2 and GPR41/FFA3) also induce the secretion of glucagon-
like-peptide 2 (GLP-2) which is important for the integrity of 
epithelial tight junctions (Tanase et al., 2020; Zhou et al., 2022). 
Independently, hyperglycaemia also has a direct negative effect 
on the integrity of the gut epithelial tight junctions (Thaiss 
et al., 2018). The incretin hormone glucagon-like-peptide 1 (GLP-
1) is upregulated by gut SCFAs and sensitises beta-cells’ insulin 
secretion (Tanase et  al.,  2020). Hence, severe downregulation 
of GLP-1 in diabetes indirectly affects the gut barrier through 
hyperglycaemia. GLP-1 also has glucose regulatory pleiotropic 
effects on cell signalling, metabolism and function beyond its direct 
effect on beta-cells, which include increased satiety, decreased gastric 
emptying, inhibition of glucagon secretion, sensitisation of the liver 
to insulin (including exogenous insulins) and increased utilisation of 
glucose in skeletal muscles (Rowlands et al., 2018). Bile acids (BAs) 
modulate gut leakiness through epidermal growth factor (EGF) 
receptor autophosphorylation, occludin dephosphorylation and 
rearrangement at the tight junction level (Raimondi et al., 2008). 
Secondary BAs (SBAs) that are metabolised by gut microbes signal 
through the G-protein-coupled bile acid receptor 1 (TGR5) and 
the BA farnesoid X receptor (FXR) (Ferrell & Chiang,  2019). 
SBAs induce GLP-1 secretion and also affects lipid and glucose 
metabolism via regulation of hepatic very low-density lipoproteins 
(VLDL) export, triglyceride oxidation and gluconeogenesis (Ferrell 
& Chiang,  2019). Bacterial-derived metabolites that have been 
associated with the “leaky gut syndrome” include indole metabolites 
of tryptophan (IMT), trimethylamine (TMA) and branched-chain 
amino acids (BCAAs). These metabolites can negatively affect the 
sensitivity to insulin (Ma et  al.,  2017; Scott et  al.,  2020; Seldin 
et al., 2016).

We hypothesised that faecal microbial transplantation 
(FMT) will improve indices of glycaemic control in FMT 
recipients compared to placebo control dogs and will 
increase the abundance of faecal Fecalibacterium, faecal SCFA 
concentrations and serum GLP-1 concentrations. We therefore 

aimed to (1) determine if FMT will improve clinical outcomes 
of DM; (2) determine if changes in the faecal dysbiosis index 
(DI) and its components are associated with DM and FMT; 
and (3) measure the concentrations of faecal BA, SCFA and 
serum GLP-1 in response to FMT.

MATERIALS AND METHODS

This report describes prospective randomised, placebo-
controlled, double-blinded, clinical trial. We randomised the 
dogs in the study to placebo or FMT groups using an online 
randomisation tool (www.​rando​mizer.​org), and in this report, 
we describe the results of this pilot investigation. Between 
September 2021 and November 2021, we enrolled nine dia-
betic dogs from public and local referral clinics after receipt 
of each owner’s written consent to participate in the study 
(demographic information of the dogs is present in Table 1). 
The inclusion criteria below aimed to try enrolling a relatively 
stable cohort of dogs with uncomplicated diabetes mellitus. 
The diabetic dogs were required to have been previously diag-
nosed with DM and treated with insulin for at least 14 days 
before enrolment. Additional enrolment criteria included a 
stable body weight (±5% change) for at least 14 days before 
enrolment, absence of profound clinical signs of DM (i.e. 
polydipsia, polyuria, polyphagia and weight loss) for at least 
14 days prior to enrolment as determined by the primary inves-
tigator, an American College of Veterinary Internal Medicine 
(ACVIM) board-certified internist, and no recent use of any 
steroids, antibiotics or probiotics within 14 days of enrolment. 
During the period of the study participants’ diets were not 
changed (dietary nutritional analysis is present in Table  S1). 
The dogs were assessed at admission and at 2, 4, 6 and 8 weeks 
by physical exam and a comprehensive health profile, where 
at each visit serum, urine and faeces were collected and frozen 
at −80°C for specific analyses at the end of the study (Fig 1). 
Throughout the 8 weeks of the study, the dogs continuously 
wore a flash glucose monitoring (FGM) device that mea-
sured the interstitial glucose (IG) concentration at 15 minutes 
epochs. The FGM was previously validated for use in diabetic 
dogs (Corradini et al., 2016). Owners were instructed to scan 
the sensors with the FGM every 6 hours to minimise data 

Table 1. Descriptive statistics (mean ± SD) and demographics of dogs in the study

Healthy DM FMT Placebo Donor

Sex CM (4), SF (4), IM (1) CM (5), SF (4) CM (3), SF (2) CM (2), SF (2) CM (3), SF (1)
Age (year) 6.4 ± 2.8a 10 ± 1.6b 9.7 ± 1.3 10.4 ± 2.1 5.8 ± 0.5a

Bodyweight (kg) 6.6 ± 3.5a 13.8 ± 8.7b 17.2 ± 9.4 9.6 ± 6.3 27.6 ± 7.2c

BCS 5.4 ± 0.9a 5.6 ± 1.1a 5.8 ± 1.1 5.3 ± 1.3 4.8 ± 0.5a

Breed MBD (3), Miniature 
schnauzer (2), 

Miniature poodle, 
Pug, Pembroke 
Welsh Corgi, 
dachshund

MBD (5), Pug (2), Chihuahua, 
Australian cattle dog

MBD (3); Pug (2) MBD (2), 
Chihuahua, 

Australian cattle 
dog

Australian cattle dog (1),
Border collie/GSD mix (1),

Pit bull mix (1),
GSD (1)

BCS Body condition score (scale of 1 to 9), CM Castrated male, DM Diabetes mellitus (= FMT + placebo), FMT Faecal microbiota transplantation, GSD German shepherd, IM Intact male, SF 
Spayed female, MBD Mixed breed dog
Different superscript letters indicate a significant difference between groups (P < 0.05)
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loss and to upload it daily to the University’s account on the 
Libreview website (https://​www.​libre​view.​com). Sensors were 
changed at 2-week intervals during the visits to the clinic, or 
earlier at home by the dogs’ owners if the sensors malfunc-
tioned. The mean (±SD) period of sensor coverage through-
out the length of the study was 83% ± 14% (mean (±SD) 
4820 ± 825 IG counts).

The University of Illinois Institutional Animal Care and Use 
Committee approved this study (Protocol#19235). Informed 
consent was obtained from all dog owners involved in the study. 
No participants are identifiable.

24-hour water quantification
After joining the study and before starting insulin treatment, 
participants were directed to monitor the amount of water 
they placed in their dogs’ bowls for a period of 24 hours. 
Throughout the study, these measurements were repeated 
every 2 weeks. If other dogs shared the household with study 
dogs, they were either denied access to water and offered water 
only during specific times and separately from the study dogs, 
or the study dogs were kept separate in a different room for 
24 hours.

Healthy control dogs
Archived (−80°C) serum and faecal samples from nine healthy 
dogs from Texas A&M University (Table 1) were chosen to serve 
as healthy control samples and were analysed side by side with 
the diabetic dog samples. These dogs were previously deemed 
healthy based on history, physical exam and a comprehensive 
health profile. Healthy controls were not included in the FMT 
clinical trial.

Insulin treatment
At enrolment, all dogs were switched to Toujeo glargine insu-
lin 300 U/mL (Toujeo SoloStar for dogs ≤15 kg and Toujeo 
Max SoloStar for dogs >15 kg) given every 12 hours at a start-
ing dose approximating their insulin dose before enrolment. 
The owners of the diabetic dogs were instructed to follow a 
sliding-scale insulin-dosing table that based the insulin dose 
on the 60-minute post-prandial IG level (Fig 2). The table has 
five tiers of interstitial glucose ranges indicating an increase, 
decrease, or no change in insulin dose relative to the insulin 
dose of the previous dosing interval. The owners were granted 
access to an online Google Document in which they recorded 
the morning and evening insulin dose of each day. The ratio-
nale for this approach is to avoid bias and maintain consis-
tency. By ensuring a uniform insulin dosage strategy across 
cases, we were attempting to minimise any potential influence 
that might arise from variations in insulin dosing on glycae-
mic control. Therefore, this approach allows for a more accu-
rate assessment of the impact of FMT on glycaemic control 
without the confounding factor of inconsistent insulin dosing 
which could profoundly affect glycaemic control.

Lyophilised faecal microbial transplantation
The dogs in the FMT group received 1 g of lyophilised faeces 
(range 0.035 to 0.166 g/kg) daily from the owners in capsule 
form. The dose was extrapolated from a previous faecal trans-
plantation study (Gal et al., 2021). The owners were instructed 
to record the daily administration of the lyophilised pill on an 
online Google Document shared with the PI to verify com-
pliance. The lyophilised faecal capsules (size 0) were obtained 
from a commercial vendor. The demographic information of 

FIG 1. Study timeline and samples collections. BW Bodyweight, BCS Body condition score (1 to 9), WI 24-Hour water intake, HbA1C Haemoglobin 
A1C, GLP-1 Glucagon-like peptide 1, GI Gastrointestinal, fSCFA Faecal short-chain fatty acid, fBA Faecal bile acid, fFA Faecal fatty acid.

 17485827, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jsap.13865 by M

assey U
niversity L

ibrary, W
iley O

nline L
ibrary on [27/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.libreview.com


R. Brown et al.

Journal of Small Animal Practice  •  © 2025 The Author(s). Journal of Small Animal Practice published by John Wiley & Sons Ltd on behalf of 
British Small Animal Veterinary Association.

4

the vendor’s donor dogs is present in Table 1. Placebo capsules 
(1 g cornstarch; range 0.041 to 0.217 g/kg) were also obtained 
from the same vendor and packaged in identical acid-resistant 
size 0 capsules. To the best of our knowledge, cornstarch has 
not been established as a prebiotic in dogs at the dose that was 
administered in this study (Baioni et al., 2017). The randomi-
sation table and identity of the capsules were only known to a 
veterinary pharmacist who oversaw the randomisation process 
and the distribution of placebo and FMT capsules to the own-
ers of the patients at the time of enrolment and did not have 
any other roles in the study to maintain the double blinding 
process (Fig 3).

Serum total GLP-1
Blood was collected early in the morning prior to feeding, 
and serum was separated and kept frozen at −80°C until the 
time of analysis. 50 μL of thawed frozen serum was used to 
measure serum total GLP-1 in one batch by GLP-1 ELISA 
(Multi-Species GLP-1 Total ELISA kit, Millipore Corporation, 

Billerica, MA, USA) that has been previously used for dogs 
(Ionut et al., 2014) and in accordance with the manufacturer’s 
instructions. According to the manufacturer, the assay’s 
diagnostic range is 4.1 to 1000 pM, the assay’s lowest limit of 
detection is 1.5 pM, and the intra-assay coefficient of variation 
(CV%) is 5.5% (in canine plasma). The assays reactions were 
read on a microtitre plate reader (SpectraMax® ID3, Molecular 
Devices, LLC, San Jose, CA, USA) at absorbency of 450 and 
590 nm.

Serum gastrointestinal panel and C-reactive 
protein, faecal DI, faecal fatty acids, faecal sterols 
and faecal unconjugated BAs
Serum trypsin-like immunoreactivity (TLI), serum canine 
pancreatic lipase immunoreactivity (cPLI), serum CRP, serum 
folate, serum cobalamin and the faecal DI were measured at 
the Gastrointestinal Laboratory at Texas A&M as described 
previously for dogs (Chang et al., 2022; Covin et al., 2021). 
The DI is a quantitative PCR-based assay that evaluates the 
faecal microbiota of dogs. This test quantifies the abundances of 
seven specific bacterial groups: Faecalibacterium, Turicibacter, 
Blautia, Fusobacterium, Bifidobacterium, Bacteroides and 
Clostridium hiranonis, and along with the total bacteria, these 
measurements are integrated into a single numerical value. 
Faecal SCFAs were measured by gas chromatography/mass 
spectrometry as described previously for dogs (Minamoto 
et  al.,  2019). Faecal long-chain fatty acids, sterols and 
unconjugated BAs were measured by gas chromatography/
mass spectrometry method as described for dogs (Galler 
et  al.,  2022). The gas chromatography/mass spectrometry 
analyses were performed at the gastrointestinal laboratory at 
Texas A&M.

Health profile, serum fructosamine and blood 
haemoglobin A1c (HbA1c) measurements
The University of Illinois Veterinary Diagnostic Laboratory 
determined serum fructosamine concentrations and performed 
the analysis of a comprehensive health panel consisting of a 
complete blood count, serum biochemistry and urinalysis. 
Serum fructosamine was measured on Beckman Coulter 
DxC700 AU. The assay has inter-assay CV% and intra-
assay CV% ranges of 2.78% to 4.45% and 4.04% to 8.04%, 
respectively, corresponding to a serum fructosamine range of 215 
to 830 μmol/L. The fructosamine assay’s linear range of detection 
is 10 to 1000 μmol/L. HbA1c concentrations from dried 
blood spots were measured by A1CARE (Baycom Diagnostics, 
Tallahassee, FL, USA) on a SPECTRAMAX PLUS immunoassay 
analyser at 720 nm. The assay has an average inter-assay CV of 
9.6% and an average intra-assay CV of 3%. The assay’s linear 
range of detection is 0.5% to 30%.

Statistical analyses
Statistical analyses of clinical attributes and serum or fae-
cal biomarkers were performed using SAS® OnDemand for 
Academics (SAS Institute Inc., Cary, NC, USA). The descrip-
tive statistics of the dependent variables were described by the 

FIG 2. Sliding-scale insulin dosing table for owners of diabetic dogs (BW 
>15 kg; for dogs with BW ≤15 kg, the change in insulin dose from one 
tier to the next is by 1 unit). The sliding-scale insulin dosing approach 
aims to maintain interstitial glucose (IG) concentrations within a 
specific range through incremental insulin adjustments based on where 
the IG levels fall relative to a target tier. This approach has five tiers of 
IG concentrations. The goal is to maintain the IG concentration within 
a specific target tier that is highlighted in the figure in red. Dosing 
adjustment based on IG concentration: Within Target Tier: If the IG 
concentration falls within the desired tier, the insulin dose remains the 
same. Below Target Tier: If the IG concentration falls below the target 
tier, the insulin dose is continuously halved at each dosing interval. 
Moving from a higher tier to a lower tier: If IG concentration falls into 
a lower tier than the previous dosing interval’s tier, the insulin dose 
is decreased by 2 units. The dose will not be adjusted in the following 
dosing interval if IG concentration falls into the same tier but will be 
increased by 2 units in the third dosing interval (or during additional 
subsequent intervals). Moving from a lower tier to a higher tier: If IG 
concentration falls into a higher tier than the previous dosing interval’s 
tier, the insulin dose is increased by 2 units. The dose will not be adjusted 
in the following dosing interval if IG concentration falls into the same tier, 
but it will be increased by 2 units in the third dosing interval (or during 
additional subsequent intervals). Highest Tier: If the IG concentration 
falls into the highest tier, the insulin dose is increased continuously with 
each dosing interval.
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means and standard deviations. The data of the dependent 
variables were examined for normal distribution by inspection 
of Q-Q plots, histogram and Shapiro–Wilk test. Variables that 
did not follow a normal distribution were log-transformed. 
Analyses of variance of the dependent variables that had a 
normal or log-normal distribution were performed with the 
MIXED procedure. The models included the fixed effects of 
treatment, period of the study, and the interaction between 
treatment and period. The model also included the dog as a 
random effect to account for repeated measures on the same 
dog over time. The marginal means and standard errors of the 
dependent variables for treatment, period and the combina-
tion between treatment and period were obtained and used for 
multiple mean comparisons using the Fisher’s least significant 
difference test as implemented in the LSMEANS option of the 
MIXED procedure.

Regression lines of IG on week of measurement for each 
treatment were used with the MIXED procedure, including 
dog as a random effect. A t-test was performed to determine 
if the slopes were statistically significantly different from each 
other.

Variables without normal or log-normal distribution that 
instead had a Poisson distribution were analysed with the 
GLIMMIX procedure using a log link transformation with 
a model that included the same fixed and random effects as 

described above. Multiple mean comparisons were performed on 
the log scale. For all analyses, alpha error probability was set to 
P < 0.05.

RESULTS

IG concentration and total daily insulin dose
The study’s overall marginal mean (±SE) of the FMT group 
IG concentration (15.66 ± 1.28 mmol/L) did not differ 
from the placebo group (17.99 ± 1.44 mmol/L; P = 0.227). 
The within-group IG concentration significantly decreased 
from week 1 to week 8 (P < 0.05; Fig  4A). The marginal 
mean (±SE) of the FMT group IG concentration at week 3 
(14.99 ± 1.29 mmol/L) was significantly lower than the placebo 
group (19.07 ± 1.44 mmol/L; P = 0.035) but IG concentrations 
did not differ between groups at any other week. In the 
first 4 weeks of the study, the FMT group IG slope (±SE) 
(−1.97 ± 0.05) was significantly more negative than the placebo 
group (−1.26 ± 0.06; P < 0.001; Fig 4B) indicating a faster drop 
in FMT group’s IG levels during that time. However, there 
were no differences between the groups’ overall IG slopes 
(P = 0.163). The between-dog and within-dog CV% for IG 
were 16% and 84%, respectively. The study’s overall marginal 
mean (±SE) of total daily insulin dose of the FMT group 

FIG 3. FMT donor-recipient pairs. #D, FMT donor dog; #R, FMT recipient dog. Two FMT recipients each received a mixed FMT from two FMT donors.
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(1.619 ± 0.180 units/kg) did not differ significantly from 
the placebo group (1.806 ± 0.202 units/kg; P = 0.490; Fig  5). 
The within-group marginal mean of total daily insulin dose 
significantly increased from week 1 to week 8 (P < 0.05) but it 
did not differ between groups at each of the study weeks. The 
between-dog and within-dog CV% for total daily insulin dose 
were 41% and 59%, respectively.

24-hour water intake, serum HbA1c and serum 
fructosamine
Mean (±SD) 24-hour water intake, serum HbA1c and serum 
fructosamine are present in Table 2 and Fig S1. The 24-hour 
water intake was significantly lower in week 8 relative to base-
line in the FMT group (P = 0.001) but not in the placebo 
group (P = 0.922) and was significantly lower in the FMT 
group relative to placebo in weeks 4 (P = 0.034), 6 (P = 0.046) 

and 8 (P = 0.002). There were no differences in the marginal 
means of serum HbA1c between the placebo and FMT groups 
at baseline (P = 0.366) or at the end of the study (P = 0.492). 
There were also no differences in the marginal means of serum 
fructosamine between placebo and FMT at any of the study 
timepoints, and serum fructosamine significantly decreased 
from baseline over the course of the study in both FMT and 
placebo (P = 0.01).

Gastrointestinal panel and serum C-reactive 
protein
There were no significant differences between FMT and placebo 
in mean (±SD) serum TLI, cPLI, folate, cobalamin and CRP 
within and between groups over time (Table 3).

Serum GLP-1 and faecal SCFA
The mean (±SD) GLP-1 and faecal SCFA of the placebo 
and FMT diabetic dogs are presented in Tables  4 and 5. 
There were no significant differences in serum total GLP-1 
concentrations within or between the placebo and FMT 
groups at any time point. Dogs with DM had a significantly 
lower marginal mean (±SE) concentration of log-transformed 
valerate (−0.78 ± 0.51 μmol/g) when compared to healthy dogs 
(1.5 ± 0.51 μmol/g; P = 0.006). The remainder of the SCFAs 
evaluated did not differ between healthy dogs and those with 
DM. The placebo group’s marginal mean log-transformed faecal 
butyrate concentration was significantly lower in week 8 than 
in weeks 0 and 4 (P = 0.03 and P = 0.002, respectively), and the 
FMT group’s marginal mean log-transformed faecal butyrate 
concentration was higher in week 8 than the placebo group’s 
faecal butyrate concentration (P = 0.01). The placebo group’s 
marginal mean log-transformed faecal valerate concentration 
was significantly lower in week 8 than in week 4 (P = 0.03). 
There were no significant correlations between serum total 
GLP-1 and faecal acetate (r = 0.42; P = 0.154), propionate 
(r = 0.25; P = 0.403) and butyrate (r = 0.21; P = 0.48).

Faecal BAs, fatty acids and sterols
The mean (±SD) faecal BAs, faecal fatty acids and faecal sterols 
of the healthy control dogs and the diabetic dogs are presented 
in Tables  6 and 7. The diabetic dogs had significantly lower 
marginal mean concentrations of fusosterol (P = 0.045), log-
transformed betasitosterol (P = 0.030), log-transformed sitosta-
nol (P = 0.004) and log-transformed stigmasterol (P = 0.037) 
and a higher concentration of butylarachidonate (P = 0.001).

The diabetic dogs had significantly higher marginal mean 
log-transformed total primary BAs (P < 0.001), log-transformed 
chenodeoxycholic acid (P < 0.001), log-transformed cholic acid 
(P < 0.001), % log-transformed primary BAs (P < 0.001), % 
log-transformed chenodeoxycholic acid (P < 0.001) and % log-
transformed cholic acid (P < 0.001) than the healthy control 
group. The diabetic dogs also had significantly higher marginal 
mean lithocholic acid (P < 0.001) and lower % lithocholic acid 
(P = 0.032), % SBAs (P = 0.001) and log-transformed % urso-
deoxycholic acid (0.047) than the healthy control group. The 

FIG 4. IG concentrations of dogs receiving lyophilised faeces or placebo. 
(A) Marginal means (±SE) IG concentrations of the FMT and placebo 
groups over the course of the study. (B) IG slopes of dogs receiving 
lyophilised faeces or placebo at the first 4 weeks of the study (orange) 
and during the 8 weeks of the study (grey). IG Interstitial glucose. 
Different superscript letters in (A) indicate significant differences in 
the marginal means of IG concentration within the group (P < 0.05). 
¶ in (A) indicates a significant difference in the marginal mean of IG 
concentration between the groups (P = 0.035). The vertical dotted line in 
(B) marks the end of week 4.
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mean (±SD) faecal fatty acids, faecal sterols and faecal BAs of 
the FMT and placebo dogs are presented in Tables 8 and 9. The 
FMT group had significantly lower marginal mean concentra-
tions of log-transformed faecal sitostanol than placebo at base-
line (P = 0.022), 4 weeks (P = 0.010) and 8 weeks (P = 0.013). The 
FMT group had significantly lower marginal mean concentra-
tions of log-transformed faecal total primary BAs at week 8 com-
pared with the placebo group (P = 0.035).

Faecal DI
There were no significant differences between the faecal DI 
marginal means (±SE) of the diabetic dogs (−1.36 ± 1.13), the 
healthy controls (−4.11 ± 1.13) and the donor dogs (−2.16 ± 1.28; 
P = 0.233; Fig 6A) and the marginal means were all within the 
reported Gastrointestinal Laboratory reference interval (<0). 
There were no significant differences between the faecal DI 
marginal means (±SE) of the FMT dogs (−1.15 ± 1.80), the 

FIG 5. Marginal mean (±SE) total daily insulin dose (units/kg) of the FMT and placebo groups over the course of the study. Different letters indicate 
significant differences in the marginal means of daily insulin dose within group (P < 0.05).

Table 2. Mean (±SD) serum HbA1c, serum fructosamine and 24-hour water intake

Time Treatment HbA1c (%) Fructosamine (μmol/L) 24 hour water intake  
(mL/kg/day)

Baseline Placebo 5.25 ± 0.82 389.9 ± 87.22 104.33 ± 54.24
FMT 4.84 ± 0.44 464.02 ± 95.2 74.5 ± 25.83

Week 2 Placebo 351.6 ± 96.33 119 ± 51.74
FMT 427.32 ± 58.78 53.4 ± 14.47

Week 4 Placebo 331.53 ± 93.35 106.33 ± 55.19
FMT 427.24 ± 80.19 42.4 ± 9.71

Week 6 Placebo 296.68 ± 59.63 86.67 ± 34.93
FMT 387.66 ± 46.36 37.5 ± 17.45

Week 8 Placebo 3.98 ± 1.31 262.58 ± 104.24 113 ± 81.10
FMT 3.42 ± 1 354.68 ± 54.11 25.68 ± 7.02

FMT Faecal microbiota transplantation, HbA1c Haemoglobin A1c
Population-based reference interval for fructosamine: 172.0 to 292.0 μmol/L
Population-based reference interval for HbA1c: 0% to 4%

Table 3. Mean (±SD) serum CRP, cPLI, TLI, cobalamin and folate in FMT and placebo dogs at baseline and weeks 4 and 8

Time Treatment CRP (nmol/L) cPLI (μg/L) TLI (μg/L) Cobalamin (pmol/L) Folate (nmol/L)

Baseline Placebo 101.86 ± 14.28 206.3 ± 178.9 28.5 ± 19 607.9 ± 100.3 36.6 ± 25.7
FMT 94.25 ± 0.95 305.8 ± 385.1 48.2 ± 6.4 520.9 ± 229.4 22.5 ± 5.2

Week 4 Placebo 94.25 ± 0 132.8 ± 55.6 28.8 ± 18.4 678 ± 73 45.7 ± 21.6
FMT 94.25 ± 0 221.6 ± 154.2 45.6 ± 7.5 531.2 ± 206.6 27 ± 7.3

Week 8 Placebo 106.62 ± 24.75 131.8 ± 37.3 24.8 ± 19.6 620.5 ± 112.1 40.7 ± 21.8
FMT 94.25 ± 0 174.4 ± 131.3 42.7 ± 10.3 570.3 ± 240.5 27.7 ± 5.9

cPLI Canine pancreatic lipase immunoreactivity, CRP C-reactive protein, FMT Faecal microbiota transplantation, TLI Trypsin-like immunoreactivity
There were no significant differences between and within the FMT and placebo groups (P > 0.05)
Population-based reference intervals for cPLI: 0 to 200 μg/L
Population-based reference intervals for cTLI: 10.9 to 50.0 μg/L
Population-based reference intervals for CRP: <10 mg/L
Population-based reference intervals for cobalamin: 251 to 908 ng/L
Population-based reference intervals for folate: 7.7 to 24.4 μg/L
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placebo dogs (−0.63 ± 2.01; Fig 6B) and they were all within the 
reported Gastrointestinal Laboratory reference interval (<0). The 
between-dog and within-dog CV% for DI were 73% and 27%, 
respectively (Fig 6C).

There were significant differences in the faecal DI mar-
ginal mean (±SE) of log DNA Faecalibacterium of the diabetic 
dogs (4.9 ± 0.44 ng/μL; P = 0.002) compared to the donor dogs 
(7.21 ± 0.5 ng/μL), and between the donor dogs and healthy 
control dogs (5.7 ± 0.44 ng/μL; P = 0.033), but there were no sig-
nificant differences between the healthy control dogs and dia-
betic dogs (P = 0.215). The faecal DI marginal mean (±SE) of log 
DNA Faecalibacterium of the FMT dogs was significantly higher 
than that of the placebo dogs in week 4 (6.87 ± 0.45 ng/μL vs. 
5.41 ± 0.5 ng/μL; P = 0.046) but not at week 8 (6.11 ± 0.45 ng/μL 
vs. 4.86 ± 0.5 ng/μL; P = 0.083).

The reported Gastrointestinal Laboratory reference interval 
for log DNA Faecalibacterium is 3.4 to 8 ng/μL.

The faecal DI marginal mean (±SE) of log DNA Streptococcus 
of the diabetic dogs (5.06 ± 0.58 ng/μL) did not differ from 
the donor dogs (5.38 ± 0.66 ng/μL; P = 0.715) but both signifi-
cantly differed from the healthy control dogs (2.98 ± 0.58 ng/
μL; P = 0.019 and P = 0.012, respectively). The reported 
Gastrointestinal Laboratory reference interval for log DNA 
Streptococcus is 1.9 to 8 ng/μL.

The faecal DI marginal means (±SE) of log DNA 
of Fusobacterium and Escherichia coli of the donor dogs 
(9.66 ± 0.30 ng/μL and 6.52 ± 0.56 ng/μL) were significantly 
higher than healthy control dogs (8.43 ± 0.26 ng/μL and 
4.90 ± 0.49 ng/μL; P = 0.005 and P = 0.042), and both did not 
significantly differ from the diabetic dogs (9.09 ± 0.26 ng/μL 
and 6.11 ± 0.49 ng/μL; P > 0.05). The reported Gastrointestinal 
Laboratory reference interval for log DNA Fusobacterium and E. 
coli is 7.0 to 10.3 ng/μL and 0.9 to 8.0 ng/μL.

DISCUSSION

In this study, we hypothesised that FMT would affect the gut 
microbiome of diabetic dogs in a manner that will improve 
glycaemic control by increasing the abundance of SCFA 
producing bacteria and faecal SCFA concentrations, decreasing 
the abundance of proinflammatory diabetogenic bacteria, 
altering bacterial BA metabolism and enhancing incretin 

hormone activity. In this randomised, placebo-controlled, 
double-blinded prospective study, administering lyophilised 
faecal capsules to diabetic dogs for 2 months had a minimal, 
clinically insignificant effect on glycaemic control in the FMT 
diabetic dog group. Two FMT-associated effects we observed 
included a more negative 4-week IG slope (i.e. a faster decline 
in IG levels) and a lower 24-hour water intake compared to 
the placebo group. These FMT-associated effects were noted 
despite a small number of study participants and a very small 
effect size (see below).

We found that there were no significant differences in 
the mean DI between diabetic dogs, healthy controls and 
donor dogs, nor between the FMT and placebo dog groups 
throughout the duration of the study. However, there was a 
large between-dog CV% in the DI, because while nine dogs 
had a normal DI, two dogs (one in the FMT and one in the 
placebo group) had a DI that was outside of the population-
based reference interval for the duration of the study. Therefore, 
our findings indicate that in this cohort of dogs, DM was not 
associated with a profound gut dysbiosis; however, significant 

Table 4. Mean (±SD) serum total GLP-1 in FMT and placebo 
dogs at baseline and weeks 4 and 8

Time Group GLP-1 (pM)

Baseline Placebo 29.9 ± 11.2
FMT 24.8 ± 11.8

Week 4 Placebo 33.3 ± 7.6
FMT 24.3 ± 8.7

Week 8 Placebo 27.6 ± 11.6
FMT 31.1 ± 9

FMT Faecal microbiota transplantation, GLP-1 Glucagon-like peptide 1
There were no significant differences between and within the FMT and placebo groups 
(P > 0.05)

Table 5. Mean (±SD) faecal SCFA (μmol/g) in FMT and 
placebo dogs at baseline and weeks 4 and 8

Metabolite (μmol/g) Time Group Mean

Acetate Baseline Placebo 149 ± 16.4
FMT 106.5 ± 37.7

Week 4 Placebo 190.5 ± 81.5
FMT 138.6 ± 54.1

Week 8 Placebo 105.1 ± 17
FMT 110.4 ± 39.1

Butyrate Baseline Placebo 18.3 ± 18
FMT 24.6 ± 11.4

Week 4 Placebo 75.4 ± 87.3
FMT 14.5 ± 10.3

Week 8† Placebo 7.6 ± 11.7
FMT 20.6 ± 8.9

Isobutyrate Baseline Placebo 3 ± 2.1
FMT 3 ± 1.9

Week 4 Placebo 5.2 ± 5.4
FMT 3.7 ± 2.9

Week 8 Placebo 5.9 ± 5.7
FMT 3.6 ± 2.6

Isovalerate Baseline Placebo 3.2 ± 1.5
FMT 5.8 ± 3.8

Week 4 Placebo 7 ± 7
FMT 7.2 ± 5.4

Week 8 Placebo 11.8 ± 10.7
FMT 6.6 ± 5.6

Propionate Baseline Placebo 97.7 ± 55.1
FMT 32.6 ± 22

Week 4 Placebo 105.1 ± 101
FMT 82.3 ± 92

Week 8 Placebo 59.8 ± 42.2
FMT 52.1 ± 61.1

Valerate Baseline Placebo 1.9 ± 2.8
FMT 0.6 ± 0.6

Week 4 Placebo 6.2 ± 3
FMT 2 ± 3.6

Week 8 Placebo 0.3 ± 0.2
FMT 3.9 ± 7.9

FMT Faecal microbiota transplantation; SCFA Short chain fatty acids
†Placebo’s faecal butyrate in week 8 was significantly lower than FMT in week 8 and 
placebo in baseline and week 4 (P < 0.05)
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differences in abundances of certain bacterial genera (e.g. 
SCFA producers; see below) might be amenable to correction 
with FMT and thus may have a beneficial therapeutic effect on 
DM. Nevertheless, we surmise that a small percentage of dogs 
with DM might have a significant increase in the DI, which 
may indicate an underlying chronic enteropathy in addition 
to the DM. It is unknown whether these dogs would have a 
different response to FMT compared with dogs DI within 
the population-based reference interval. Because increased DI 
was not present in all dogs at the time of enrolment, it is also 
possible that the effect of FMT could have been stronger had 
we only included diabetic dogs with a pre-FMT DI outside 

of the population-based reference interval. Additional studies 
are needed to determine how measuring DI impacts the 
prognosis for normalisation of microbiota, responses to FMT, 
and whether additional treatment for an underlying chronic 
enteropathy may be needed.

The SCFA fermenter Faecalibacterium prausnitzii has been 
previously shown to be important for glucose tolerance and 
has been decreased in abundance in diabetic humans (Wang 
et  al.,  2020). Faecalibacterium prausnitzii is an important 
butyrate producer that has been positively linked to improved 
gut mucosal barrier and glucose tolerance (Ferreira-Halder 
et al., 2017; Tilg & Moschen, 2014). Our study demonstrated 
that following FMT, the DI’s marginal mean log DNA of 
Faecalibacterium increased in week 4 in the FMT group com-
pared to the placebo group and was higher (though not signifi-
cantly different) in week 8. Furthermore, the FMT group had 
a higher faecal butyrate concentration at week 8 compared to 
placebo. These findings suggest that, like rodents and humans 
(Chen et  al.,  2023; de Groot et  al.,  2021; Han et  al.,  2021; 
Wang et al., 2019; Wu et al., 2022), FMT in dogs may have 
some potential to increase the abundance of bacteria that are 
considered beneficial to glucose tolerance and increase fae-
cal SCFA content and therefore potentially offer some ben-
efits for glucose regulation through SCFA signalling (Kang 
et al., 2024).

In this study, we measured total GLP-1 concentrations in the 
serum. Most of the GLP-1 in the blood is a biologically inactive 

Table 6. Mean (±SD) faecal fatty acids and sterols of 
diabetic dogs and healthy controls

Metabolite (μg/mg) Group Mean SD

Total fatty acids DM 30.23 21.36
Control 21.31 5.93

Total sterols DM 6.44 4.72
Control 6.54 2.43

TMS versus chol 
cholesterol

DM 3.81 3.79
Control 2.34 1.07

TMS betasitosterol DM 1.28 0.83
Control 2.1 0.65

TMS brassicasterol DM 0.02 0.03
Control 0.01 0.01

TMS campesterol DM 0.44 0.35
Control 0.57 0.17

TMS cholestanol DM 0.17 0.15
Control 0.11 0.05

TMS coprostanol DM 0.17 0.36
Control 0.02 0.01

TMS fusosterol DM 0.05 0.03
Control 0.08 0.03

TMS lathosterol DM 0.03 0.03
Control 0.02 0.02

TMS sitostanol DM 0.3 0.29
Control 1.02 0.64

TMS stigmasterol DM 0.18 0.12
Control 0.29 0.1

Butylalphalinolenate DM 1.29 1.7
Control 0.52 0.59

Butylarachidonate DM 4.77 7.89
Control 1.32 0.32

Butylcisvaccenate DM 0.8 0.92
Control 0.92 0.52

Butyldocosanoate DM 0.14 0.06
Control 0.12 0.03

Butylerucate DM 0.02 0.01
Control 0.01 0.01

Butylgondoate DM 0.17 0.09
Control 0.03 0.03

Butyllinoleate DM 6.69 5.34
Control 4.75 1.6

Butylmyristate DM 0.23 0.14
Control 0.35 0.18

Butylnervonate DM 0.09 0.06
Control 0.05 0.03

Butyloleate DM 4.99 2.61
Control 4.3 0.82

Butylpalmitate DM 6.41 4.14
Control 5.54 2.01

Butylstearate DM 4.64 4.74
Control 3.41 2.37

DM Diabetes mellitus

Table 7. Mean (±SD) faecal BA of diabetic dogs and 
healthy controls

Metabolite (ng/mg) Group Mean SD

TBA DM 8525.44 7203.71
Control 6032 3858.97

TPBA DM 2360.67 4401.23
Control 747.22 608.75

% PBA DM 29.33 32.55
Control 11.67 7.3

TSBA DM 6164.78 4175.6
Control 5284.78 3442.49

% SBA DM 70.67 32.55
Control 88.33 7.3

Chenodeoxycholic acid DM 1582 4408.65
Control 121.11 87.29

% Chenodeoxycholic acid DM 8.04 16.77
Control 1.79 1.17

Cholic acid DM 778.89 688.6
Control 626.33 537.33

% Cholic acid DM 21.3 29.95
Control 9.92 6.4

Deoxycholic acid DM 5170.22 3433.38
Control 4358.67 3185.89

% Deoxycholic acid DM 60.72 30.27
Control 67.78 11.38

Lithocholic acid DM 921.56 1075.38
Control 795.78 338.75

% Lithocholic acid DM 8.69 5.46
Control 17.78 10.21

Ursodeoxycholic acid DM 72.89 30.69
Control 130.22 98.53

% Ursodeoxycholic acid DM 1.27 0.82
Control 2.73 2.32

TBA Total bile acid, TPBA Total primary bile acid, TSBA Total secondary bile acid
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Table 8. Mean (±SD) faecal fatty acids and sterols of FMT 
and placebo dogs at baseline, 4 and 8 weeks

Metabolite (μg/mg) Timepoint Group Mean SD

Total fatty acids 1 FMT 22.04 6.09
Placebo 40.48 30.26

2 FMT 19.08 8.64
Placebo 20.53 12.01

3 FMT 24.94 10.03
Placebo 21.32 8.69

Total sterols 1 FMT 5.62 2.46
Placebo 7.48 6.99

2 FMT 3.92 1.56
Placebo 7.43 5.84

3 FMT 6.24 2.72
Placebo 8.23 3.37

TMS versus chol 
cholesterol

1 FMT 3.46 2.7
Placebo 4.24 5.31

2 FMT 1.87 1.27
Placebo 3.56 4.28

3 FMT 3.79 2.79
Placebo 4.54 3.85

TMS betasitosterol 1 FMT 0.97 0.54
Placebo 1.66 1.06

2 FMT 1.07 0.29
Placebo 1.9 0.82

3 FMT 1.19 0.85
Placebo 1.75 0.58

TMS brassicasterol 1 FMT 0.01 0
Placebo 0.04 0.05

2 FMT 0.01 0
Placebo 0.02 0.01

3 FMT 0.02 0.01
Placebo 0.02 0.01

TMS campesterol 1 FMT 0.31 0.07
Placebo 0.6 0.51

2 FMT 0.3 0.08
Placebo 0.63 0.31

3 FMT 0.4 0.21
Placebo 0.58 0.11

TMS cholestanol 1 FMT 0.17 0.13
Placebo 0.16 0.19

2 FMT 0.11 0.05
Placebo 0.18 0.14

3 FMT 0.26 0.19
Placebo 0.22 0.13

TMS coprostanol 1 FMT 0.3 0.46
Placebo 0.02 0.02

2 FMT 0.14 0.26
Placebo 0.2 0.38

3 FMT 0.16 0.2
Placebo 0.19 0.37

TMS fusosterol 1 FMT 0.04 0.02
Placebo 0.06 0.03

2 FMT 0.04 0.01
Placebo 0.06 0.03

3 FMT 0.05 0.03
Placebo 0.07 0.02

TMS lathosterol 1 FMT 0.03 0.02
Placebo 0.04 0.04

2 FMT 0.01 0.01
Placebo 0.02 0.02

3 FMT 0.02 0.01
Placebo 0.03 0.02

TMS sitostanol 1 FMT 0.18 0.23
Placebo 0.46 0.31

2 FMT 0.18 0.24
Placebo 0.55 0.28

3 FMT 0.16 0.11
Placebo 0.63 0.37

(Continues)

Metabolite (μg/mg) Timepoint Group Mean SD

TMS stigmasterol 1 FMT 0.15 0.08
Placebo 0.22 0.15

2 FMT 0.16 0.05
Placebo 0.34 0.22

3 FMT 0.21 0.18
Placebo 0.2 0.07

Butylalphalinolenate 1 FMT 1.17 1.79
Placebo 1.44 1.85

2 FMT 2.77 2.05
Placebo 0.27 0.17

3 FMT 1.3 1.7
Placebo 0.39 0.59

Butylarachidonate 1 FMT 2.86 3.49
Placebo 7.16 11.66

2 FMT 1.1 0.42
Placebo 1.69 1.53

3 FMT 2.72 2.61
Placebo 1.77 0.9

Butylcisvaccenate 1 FMT 1.14 1.13
Placebo 0.38 0.37

2 FMT 0.51 0.35
Placebo 1.08 1.62

3 FMT 1.51 1.4
Placebo 0.87 0.25

Butyldocosanoate 1 FMT 0.12 0.06
Placebo 0.16 0.05

2 FMT 0.09 0.02
Placebo 0.2 0.17

3 FMT 0.15 0.08
Placebo 0.19 0.16

Butylerucate 1 FMT 0.02 0.01
Placebo 0.02 0.01

2 FMT 0.02 0.01
Placebo 0.03 0.02

3 FMT 0.01 0.01
Placebo 0.03 0.01

Butylgondoate 1 FMT 0.15 0.1
Placebo 0.19 0.09

2 FMT 0.11 0.09
Placebo 0.1 0.03

3 FMT 0.1 0.09
Placebo 0.06 0.06

Butyllinoleate 1 FMT 4.3 2.42
Placebo 9.67 6.85

2 FMT 4.61 3.93
Placebo 3.78 1.61

3 FMT 4.41 1.7
Placebo 3.09 1.79

Butylmyristate 1 FMT 0.22 0.15
Placebo 0.25 0.16

2 FMT 0.18 0.12
Placebo 0.22 0.1

3 FMT 0.22 0.2
Placebo 0.35 0.09

Butylnervonate 1 FMT 0.1 0.07
Placebo 0.08 0.05

2 FMT 0.06 0.03
Placebo 0.06 0.04

3 FMT 0.07 0.06
Placebo 0.06 0.03

Butyloleate 1 FMT 4.15 1.32
Placebo 6.03 3.64

2 FMT 3.47 2.35
Placebo 3.29 0.93

3 FMT 4.21 0.81
Placebo 3.13 1.06

Table 8.  (Continued)

(Continues)
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form of GLP-1. The active incretin hormone acts in a paracrine 
and endocrine manner and has a short half-life of approximately 
2 minutes, as it is rapidly inactivated by dipeptidyl peptidase-
4 and neutral endopeptidase 24.11. The measurement of total 
GLP-1 represents this incretin hormone’s secretory capacity, and 
in our study, it was not affected by FMT as there were no differ-
ences in total GLP-1 concentrations between groups. For a simi-
lar reason, we did not find significant correlations between total 
GLP-1 and SCFAs despite the latter being known as a potent 
GLP-1 secretagogues. Future studies focusing on the pharma-
codynamic effect of incretin hormones or using methodology 
that will capture the biologically active GLP-1 will be required 
to ascertain the effect that FMT might have on canine incretin 
hormones in diabetes.

We also found that diabetic dogs had lower faecal concentra-
tions of several phytosterols, including betasitosterol, sitostanol 
and stigmasterol, and that FMT resulted in a lower concen-
tration of sitostanol. Dietary phytosterols can reduce blood 
cholesterol levels and have the potential to be useful in dia-
betes through decreasing insulin resistance (Salehi-Sahlabadi 
et  al.,  2020). The reason for the phytosterol differences 
between groups is unclear, and we speculate that it could be 
due to a difference in dietary phytosterol content between 
regular dog diets and diabetic dog diets, differences in intesti-
nal transit time between diabetic and nondiabetic dogs, or due 
to increased phytosterol metabolism in diabetic dogs. Further 
studies that will determine the concentrations of phytosterols 
in the diet, blood and faeces will be required to ascertain what 
role, if at all, phytosterols play in canine diabetes.

Consistent with a previous diabetic dog study (Jergens 
et al., 2019), we observed alterations in the faecal BA profile of 
diabetic subjects compared to healthy controls. Diabetic dogs 
exhibited increased total and percentage primary BAs, as well as 
changes in individual BAs (higher absolute and percentage cho-
lic and chenodeoxycholic acids and higher absolute lithocholic 
acid), accompanied by a decrease in percentage SBAs, lithocho-
lic acid and ursodeoxycholic acid. Although we did not measure 
circulating BAs, these faecal changes raise the possibility that the 
systemic BA pool may have been similarly affected. Importantly, 
our analysis also revealed that FMT had a modest but notable 
effect on the BA pool, reducing total primary BAs at week 8 com-
pared to the placebo group. The degree to which shifts in the 

BA profile mediate the global effects of FMT remains uncertain, 
but these findings support the notion that modulating the gut 
microbiome could influence BA metabolism and, potentially, 
host metabolic regulation.

The study has several limitations. The first limitation is the 
small number of study participants. Despite our best efforts to 
enrol patients, which included advertisement of the study in 
social media and interviews in local radio and TV networks, 
we managed to enrol only nine dogs. However, this was not 
enough to demonstrate clinically significant lasting differ-
ences in glycaemic control between groups. To estimate the 
sample size required to demonstrate differences in IG levels 
between FMT and placebo groups in a study with a similar 
design as ours, we first calculated the effect size (r = 0.006) 
with an online effect size calculator (https://​lbeck​er.​uccs.​edu/​
) which required the t-value (−1.39) and the degrees of free-
dom (43 × 103) retrieved from the analysis of the IG slopes of 
the 8-week period of our study. Then, using G*Power 3.1.9.6 
software for power-sample size estimation (Faul et  al.,  2007, 
2009), we estimated the sample size for our study design (i.e. 
linear mixed effect model with repeated measures consisting of 
one response variable, three predictors and two groups), with a 
power of 0.8 and an alpha error probability of 0.05. We found 
that a total number of 1822 diabetic dogs would be required 
to detect a significant difference in IG levels between the FMT 
and placebo groups. Hence, in the future, if FMT should be 
investigated in a prospective randomised blinded controlled 
study setting for diabetes, it will have to be a multi-centre 
effort to overcome recruitment challenges and gain enough 
power to detect a small effect size similar to the one in our 
study. Secondly, in the human medicine field of FMT, both 
single donors and pools of donors have been shown to lead to 
successful and failed FMT, and the predictors of a successful 
FMT are currently not well characterised and are dependent 
on both donor and recipient factors. A similar information 
does not exist in the veterinary literature. We did not have a 
1:1 donor-to-recipient ratio as we initially intended because 
of an unexpected shortage in lyophilised faecal material. We 
acknowledge that it resulted in our inability to assess individ-
ual donors, but we also argue that even if we had individual 
donors for the recipient, it would have still been difficult to 
assess their individual effect because of the small number of 
recipient dogs. Lastly, in the context of a controlled clinical 
study, where numerous interacting variables can yield oppos-
ing influences, the notable age differences between healthy and 
diabetic dogs may have contributed to an unforeseen degree 
of confounding. Since both age and breed have been linked 
to alterations in the gut microbiota (You & Kim, 2021), these 
elements warrant acknowledgment as potential confounders in 
the interpretation of our findings.

With regard to the differences in 24-hour water intake 
between the FMT and placebo groups, we acknowledge that 
the small sample sizes and missing data points make the anal-
ysis susceptible to Type I error (i.e. incorrectly rejecting the 
null hypothesis). We also recognise that external factors, such 

Metabolite (μg/mg) Timepoint Group Mean SD

Butylpalmitate 1 FMT 4.86 1.64
Placebo 8.35 5.76

2 FMT 4.11 1.06
Placebo 4.79 2.43

3 FMT 5.55 1.78
Placebo 6.19 2.63

Butylstearate 1 FMT 2.94 1.87
Placebo 6.76 6.67

2 FMT 2.06 0.85
Placebo 5.04 6.91

3 FMT 4.66 4.46
Placebo 5.19 4.09

Table 8.  (Continued)
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as changes in the dogs’ environment, undiagnosed comor-
bidities or owner-introduced measurement errors, could have 
influenced the water intake data. Notably, one dog in the 
placebo group was an influential outlier (Fig S1) with a high 
water intake (>100 mL/kg/day), which increased the mean 
24-hour water intake for that group. Based on the owners’ 
report of excellent glycaemic control at each visit, we suspect 
measurement errors may have occurred. Over the 2-month 
study, this dog required a mean (±SD) total daily insulin 
dose of 1.73 ± 0.75 units/kg (Toujeo), had a mean (±SD) 
IG of 344 ± 142 with a CV% of 41% and showed a drop in 
HbA1c from 5.5% to 3.3%. Even when excluding this out-
lier, a significant difference in water intake remained between 
groups (P = 0.005). We want to end the discussion on the 24-
hour water intake by proposing to the readers the possibility 
that the observed differences between groups may represent 
a genuine biological effect through a non-osmotic diuretic 
mechanism. For instance, if FMT increases the fraction of 
biologically active GLP-1, it may suppress thirst mecha-
nisms in the brain and thereby reduce water intake, as seen in 
healthy humans subjected to injections of GLP-1 analogues 
(Winzeler et al., 2020).

This study provides proof of concept for using FMT in canine 
diabetes. It remains to be determined whether a clinically relevant 
FMT-associated impact might emerge over a longer treatment 
duration when FMT is combined in a multimodal strategy with 
insulin and a DM-specific diet. The small effect size of FMT 
on IG in this study should be considered when designing future 
FMT studies for canine DM. Further investigation is required 
to determine the various biological mechanisms by which FMT 
could impact canine DM.

Table 9. Mean (±SD) faecal bile acids of FMT and placebo 
dogs at baseline, 4 and 8 weeks

Metabolite  
(ng/mg)

Timepoint Group Mean SD

TBA Baseline FMT 10,761.8 8852.36
Placebo 5730 3891.27

4 weeks FMT 6278.6 4076.55
Placebo 9390.5 3405.97

8 weeks FMT 7365.8 4955.44
Placebo 13,549.75 5310.05

TPBA Baseline FMT 3502.6 5896.1
Placebo 933.25 643.1

4 weeks FMT 1170.4 2269.91
Placebo 665 478.13

8 weeks FMT 949.2 1325.48
Placebo 7437.5 7806.4

% PBA Baseline FMT 30.8 38.23
Placebo 27.5 29.46

4 weeks FMT 22 39.94
Placebo 9.75 10.84

8 weeks FMT 23 25.14
Placebo 51.75 39

TSBA Baseline FMT 7259.2 4518.65
Placebo 4796.75 3844.37

4 weeks FMT 5108.4 4855.64
Placebo 8725.75 3706.52

8 weeks FMT 6416.2 4956.57
Placebo 6112.25 5490.37

% SBA Baseline FMT 69.2 38.23
Placebo 72.5 29.46

4 weeks FMT 78 39.94
Placebo 90.25 10.84

8 weeks FMT 77 25.14
Placebo 48.25 39

Chenodeoxycholic 
acid

Baseline FMT 2742.4 5921.94
Placebo 131.5 145.7

4 weeks FMT 97.4 155.77
Placebo 92.75 55.04

8 weeks FMT 195 257.71
Placebo 1621.25 2148.87

% Chenodeoxycholic 
acid

Baseline FMT 12.3 22.5
Placebo 2.73 2.6

4 weeks FMT 1.74 2.74
Placebo 1.28 1.18

8 weeks FMT 4.88 6.34
Placebo 11.3 13.25

Cholic acid Baseline FMT 760.6 864.09
Placebo 801.75 517.36

4 weeks FMT 1072.8 2116.36
Placebo 572.25 425.89

8 weeks FMT 754.2 1251.85
Placebo 5816.25 8253.27

% Cholic acid Baseline FMT 18.64 34.32
Placebo 24.63 28.19

4 weeks FMT 20.26 37.44
Placebo 8.55 9.62

8 weeks FMT 17.96 23.96
Placebo 40.43 43.62

Deoxycholic acid Baseline FMT 6090.4 3642.17
Placebo 4020 3251.52

4 weeks FMT 4124.6 3596.28
Placebo 7636 3195.02

8 weeks FMT 4937 3471.15
Placebo 4820.75 4337.87

% Deoxycholic acid Baseline FMT 60.58 37.03
Placebo 60.9 24.78

4 weeks FMT 65.68 34.25
Placebo 79.15 8.12

8 weeks FMT 60.46 20.42
Placebo 38.68 30.67

(Continues)

Metabolite  
(ng/mg)

Timepoint Group Mean SD

Lithocholic acid Baseline FMT 1086.4 1404.97
Placebo 715.5 591.64

4 weeks FMT 912.4 1295.07
Placebo 957.75 637.66

8 weeks FMT 1383.2 1921.8
Placebo 1131.75 1228.82

% Lithocholic acid Baseline FMT 7.52 5.37
Placebo 10.15 5.99

4 weeks FMT 10.8 9.01
Placebo 9.63 4.79

8 weeks FMT 14.5 13.77
Placebo 8.5 9.03

Ursodeoxycholic 
acid

Baseline FMT 82 38.01
Placebo 61.5 16.54

4 weeks FMT 71.4 33.47
Placebo 132 99.04

8 weeks FMT 96.2 92.58
Placebo 159.75 118.44

% Ursodeoxycholic 
acid

Baseline FMT 1 0.5
Placebo 1.6 1.09

4 weeks FMT 1.52 1.46
Placebo 1.38 0.74

8 weeks FMT 2.18 2.64
Placebo 1.1 0.43

TBA Total bile acid, TPBA Total primary bile acid, TSBA Total secondary bile acid

Table 9.  (Continued)
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FIG 6. Dysbiosis index (DI). (A) Boxplots of DI of dogs with DM, healthy controls and FMT donors. (B) Boxplots of DI of dogs in the FMT and 
placebo groups. (C) DI of individual dogs from the FMT and placebo groups at admission, 4 and 8 weeks. Dotted lines indicate FMT. The red dashed 
lines represent the range of the high end of the DI reference interval. The box represents the 25th and 75th percentiles (IQR), the horizontal line 
represents the median, and the × represents the mean. The whiskers represent the maximum and minimum values below and above the upper (75th 
percentile + IQR) and lower (and 25th percentile − IQR) fences, respectively.
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