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In healthy individuals, short cycles of a fasting-mimicking diet (FMD)
decrease systemicinflammatory markers and improve metabolic health.
Potential benefits of FMD have not been investigated in Crohn’s disease
(CD). We conducted an open-label, randomized, controlled trial to assess

the effects of FMD in adults with mild-to-moderate CD. Patients in the

FMD group followed an FMD for five consecutive days per month for three
consecutive months, returning to their regular baseline diet on non-FMD
days. Control participants continued their baseline diet. The primary
outcome of clinical response was areduction in CD Activity Index (CDAI) of
atleast 70 points or CDAI of <150 after the third 5-day diet cycle. Forty-five
patientsinthe FMD group (69.2%) and 14 patients in the control group
(43.8%) met the primary outcome of clinical response (P = 0.03). Forty-two
patientsinthe FMD group (64.6%) and 12 patients in the control group
(37.5%) achieved the secondary outcome of clinical remission (P = 0.02).
There was also a decline from baseline in fecal calprotectin (an inflammatory
marker) inthe FMD group compared with the control group (-22.0% versus
8.0%, P=0.03). Exploratory analyses of plasma metabolites and peripheral
blood mononuclear cell gene expression revealed post-FMD decreases
inkey inflammatory lipid mediators and immune-effector transcripts,
concordant withreduced CD activity. Together, these findings demonstrate
that FMD is superior to a baseline diet for inducing clinical response, clinical
remission and biochemicalimprovement in mild-to-moderate CD, and
support further investigation of FMD as an adjunctive therapy for chronic
inflammatory diseases. ClinicalTrials.gov registration: NCT04147585.

Crohn’s disease (CD), a type of inflammatory bowel disease (IBD), isa
chronicdisorder of the gastrointestinal tract characterized by intestinal
inflammation that affects about 5 million patients worldwide'. Approxi-
mately 20-30% patients with CD have a milder disease course, generally
characterized by minimal endoscopicinflammation as determined by
standardized endoscopicscoring, and lack of stricturing or penetrating
complications® In the United States, except for corticosteroids, which
are known to have many side effects and are therefore used sparingly,
there are no FDA-approved medical therapies for mild CD. Hence, there

is substantial uncertainty regarding the best management strategy for
these patients?. Although there are multiple medications approved for
moderate-to-severe CD, these medications are immunosuppressive,
anditis uncertain whether the potential benefit of using these medica-
tions outweighs theriskin patients with mild CD. Thereis a clear clinical
need for treatments to fill this therapeutic gap.

The most common question asked by patients with IBD to gastro-
enterologists is, ‘what should I eat?” and there is considerable inter-
est from physicians and patients alike in using diet as a therapeutic
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modality for IBD’. Despite substantial interest, the majority of evidence
for diet asinduction or maintenance therapy in adult CD comes from
nonrandomized or smallstudies®. A notable exceptionis arandomized
trial evaluating a specific carbohydrate diet versus Mediterranean diet
(MD) in mild-to-moderate CD, which showed that specific carbohydrate
dietwas not superior to MD in achieving clinical remission’. However,
the study was limited by lack of a control group.

A key barrier to the therapeutic use of diet is the challenge of
sustaining long-term dietary changes, as evidenced by low adher-
ence rates across dietary interventions®’. Given these limitations, a
fasting-mimicking diet (FMD) is an attractive solution as it does not
require patients to make long-term changes to their baseline diet. FMD
isaplant-based, calorie-restricted diet thatis consumed for only 5 con-
secutive days per month. The dietis lowin calories, sugars and protein,
but high in unsaturated fats and is designed to mimic the benefits of
fasting®. Participants eat their regular baseline diet for the remaining
days ofthe month. The 5-day cycleis repeated twice for a total of three
cycles over 3 months. It has been tested in multiple clinical trials related
to cardiometabolic and oncologic disorders®’.

FMD has been previously shown toimprove metabolic parameters
in healthy volunteers®. Preclinical evidence has shown that the diet
attenuates inflammation and promotes intestinal healing through
increased abundance of Lactobacillaceae and increased expression of
cytokines associated with tissue repair inamouse model of colitis™. In
healthy human participants with mildly elevated baseline C-reactive
protein (CRP), three 5-day cycles of FMD resulted in reduction in
CRP levels compared with patients who continued their usual diet™.
Arecently published pilot trial assessed two cycles of FMD as an adjunc-
tiveintervention in patients with ulcerative colitis undergoing induc-
tion therapy, the majority of whom (-90%) were treated with aJanus
kinase inhibitor. The study did not achieve its primary endpoint of
clinical response—limited by only 23 patients completing the study—
but patientsinthe FMD group did show greater clinicalimprovement
when compared with those receiving only standard induction™.

Given FMD’s benefitsin human studies and mouse colitis models,
we hypothesized that FMD would be effective at reducing clinical dis-
ease activity and improving intestinal inflammation in patients with
mild-to-moderate CD.

Results

Patients and characteristics

Between 2019 and 2023, a total of 97 of 279 patients screened in a
national recruiting campaign were randomized 2:1 to either FMD or
control (continue baseline diet); 65 participants were assigned to the
FMD group and 32 were assigned to control. A Consolidated Standards
of Reporting Trials diagram documenting patient flow and overview
of the study design is shown in Fig. 1. Patients in the FMD group fol-
lowed the FMD for five consecutive days each month over 3 months,
while the control group maintained their regular diet throughout the
study (Fig.1).

Baseline characteristics of the enrolled participants were gener-
ally well-balanced between the two groups, although the FMD group
had ahigher proportion of females (80.0% versus 56.3%, standardized
mean difference (SMD) = 0.54) compared with control (Table 1). The
median age was 45.0 years (interquartile range (IQR) =35.0-55.0).
The control and FMD groups had very similar proportions of patients
with overweight body mass index (BMI; 40.6% versus 40.0%), but the
control group had a greater proportion of patients with obesity (BMI
of 30 kg m™ or higher) compared with the FMD group (31.3% versus
15.4%). CD phenotype, as determined by Montreal classification, was
similar between the groups, although notably stricturing disease (B2),
amore aggressive form of CD, was more common in the FMD group
(30.8% versus 9.4%, SMD = 0.51)'*. CD Activity Index (CDAI) is a widely
used clinical scoring system to assess the severity of CD. Itincorporates
factors suchasweight, number of bowel movements, abdominal pain

and hematocrit; CDAlis commonly used as an endpointinclinical trials
in CD". The median CDAlwas 196.0 (IQR =155.0-231.0). Advanced IBD
therapy, defined as use of abiologic,immunomodulator or Janus kinase
inhibitor, was used by 60.0% of the FMD group and 71.8% of the control
group (SMD = 0.24). The use of antitumor necrosis factor (anti-TNF)
therapy was more common in control (37.5%) compared with FMD
patients (20.0%), while 5-aminosalicylates (5-ASA) use was more com-
monin FMD (26.2%) compared with control patients (9.4%). A greater
proportion of patients in the FMD arm (21.5%) used corticosteroids
compared with control patients (12.5%). Asis reported in the literature
on mild-to-moderate CD, at baseline only a minority of participants
had elevated inflammatory markers such as CRP (>10 mg 1) and fecal
calprotectin (>120 pg g ™). After observingaslightimbalance in a few
baseline characteristics, multivariable logistic regression was used
to assess the presence of residual confounding. None of the factors
tested—including sex, ethnicity, race, smoking status, BMI or the use
of biologics or corticosteroids at baseline—significantly altered the
odds for clinical remission (Supplementary Table 1).

FMD is superior to baseline diet in inducing clinical response
and clinical remission

Inintention-to-treat analysis, asignificantly higher percentage of par-
ticipants achieved the primary outcome of clinical response 70 (decline
in CDAI of at least 70 points from baseline or achieving CDAI < 150)
in the FMD group compared with control (69.2% FMD versus 43.8%
control, P=0.03; Fig.2a). Median decline in CDAl was -105 (IQR = -48
to -155) for the FMD group, compared with =76 (IQR = 0 to -119) for
control (P=0.02). Asignificantly higher percentage of participants also
attained clinical remission (CDAI < 150) with FMD after three cycles of
treatment (64.6% FMD versus 37.5% control, P=0.02; Fig. 2b). There
was a significant difference in the percentage of patients in the FMD
group who achieved clinical response 100 (decline in CDAI of at least
100 points from baseline or achieving CDAI < 150) compared with con-
trol (66.2% versus 40.6%, P= 0.02; Fig. 2¢c). After completing the first
cycle of FMD, more participants achieved clinical response 70 (66.2%
versus 43.8%, P < 0.05; Fig. 2d) and clinical remission compared with
participants who made no diet changes (60.0% versus 37.5%, P= 0.04;
Extended DataFig. 1a). There were no significant differencesin either
clinical response or remission after a 3-month washout period after
the third cycle of FMD (Extended Data Fig. 2). Throughout the study
period, there was no difference in therapy escalation (corticosteroid
prescription, starting new advanced therapy or dose escalation of
advanced therapy) between both groups (27.7% FMD versus 25.0%
control, P=0.99).

There was adecrease inmean change in CRP compared with base-
lineinthe FMD group, whereas the control group showed anincrease
from baseline; however, this finding did not reach statistical signifi-
cance (-1.0% versus 36.9%, P=0.06; Fig. 2e). There was a significant
decline in mean percentage change in fecal calprotectin at the end of
the third diet cycle compared with baseline in the FMD group, whereas
therewasanincreaseinthe control group (-22.0% versus 8.0%, P= 0.03;
Fig.2f).In post hoc analysis, agreater proportion of participantsin the
FMD group had a 50% or greater decline in fecal calprotectin (37.0%
versus 6.3%, P=0.01; Fig. 2g). There was no statistically significant dif-
ferenceinthe mean percentage changein erythrocyte sedimentation
rate (10.7% versus 15.2%, P= 0.87).

Subgroup analysis consistently shows a superior clinical
response to FMD compared with baseline diet

More patients withmild CD achieved clinical response 70 on FMD com-
pared with baseline diet (75.0% versus 47.8%, P= 0.03; Fig. 3a). Similarly,
more patients with moderate CD achieved clinical response 70 on FMD
compared with those on the baseline diet (57.1% versus 11.1%, P = 0.04;
Fig.3b). Participants with nonstricturing, nonpenetrating disease were
more likely to have clinical improvement with FMD compared with
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Fig.1|Study protocol overview of the FMD trial and CONSORT diagram.

a, Study protocol overview of the FMD trial. For participants in the FMD group—
baseline assessments were completed up to 14 days before the first FMD cycle
(FMD1); subsequent assessments occurred after completion of each FMD cycle.

Between consecutive FMD cycles, participants resumed their usual diet for
approximately 25 days. b, CONSORT diagram of participant flow. All randomized
participants were included in the intention-to-treat analysis. CONSORT,
Consolidated Standards of Reporting Trials. Panel a created with BioRender.com.
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Table 1| Demographic and clinical characteristics of
participants at baseline

Characteristic FMD (n=65) Control (h=32) SMD
n (%), median (IQR)  n (%), median (IQR)
Age at enrollment, 43.0 (34.0-53.0) 455 (33.0-57.3) -0.19
years
Sex, female 52 (80.0) 18 (56.3) 0.54
Race
White 47(72.3) 24 (75.0) -0.06
Black 0(0.0) 2(6.3) -0.45
Asian 7(10.8) 4(12.5) -0.05
Native Hawaiian or 0(0.0) 0(0.0) 0.00
Pacific Islander
American Indian or 0(0.0) 0(0.0) 0.00
Alaska Native
Other 2(31) 0(0.0) 0.22
Unknown 9(13.8) 2(6.3) 0.24
Ethnicity
Hispanic or Latino 4(6.2) 2(6.3) 0.00
Not Hispanic or 52(80.0) 28 (87.5) -0.20
Latino
Unknown 9(13.9) 2(6.3) 0.24
BMI at inclusion, 24.4 (21.7-28.) 27.8 (23.7-31.5) -0.39
kgm™
Normal (18.0-23.9) 29 (44.6) 9(28.) 0.34
Overweight 26 (40.0) 13 (40.6) -0.01
(24.0-29.9)
Obesity (230.0) 10 (15.4) 10 (31.3) -0.40
Smoking status
Never 40 (61.5) 20(62.5) -0.02
Past 12(18.5) 5(15.6) 0.07
Current 2(31) 3(9.4) -0.28
Alcohol use at baseline
Never 32(49.2) 14 (43.8) on
Light 29 (44.6) 16 (50.0) -0m
Moderate 4(6.2) 2(6.3) 0.00
Heavy 0(0.0) 0(0.0) 0.00
CD phenotype®
Age at CD onset, years 38.0 (27.0-46.0) 34.0 (25.5-50.0) -0.09
A1l (<16 years) 7(10.8) 2(6.3) 0.16
A2 (17-39years) 26 (40.0) 15 (46.9) -0m
A3 (240years) 31(477) 14 (43.0) 0.08
CD distribution®
Ileum alone (L1) 18 (27.7) 10 (31.3) -0.08
Colon alone (L2) 17 (26.2) 9(28.2) -0.04
Ileocolon (L3) 28 (43.) 10 (31.3) 0.24
Upper Gl alone (L4) 1(1.5) 0(0.0) 0.15
CD behavior®
Nonstricturing, 39 (60.0) 23(71.8) -0.39
nonpenetrating (B1)
Stricturing (B2) 20(30.8) 3(9.4) 0.51
Penetrating (B3) 6(9.2) 3(9.4) -0.01
History of perianal 19 (29.2) 7(21.9) 017

disease (p)

Table 1 (continued) | Demographic and clinical
characteristics of participants at baseline

Characteristic FMD (n=65) Control (n=32) SMD
n (%), median (IQR)  n(%), median (IQR)

CDAIl score at baseline  196.0 (154.0-229.0) 1945 (170.3-231.3) -0.02
Mild (151-220) 44 (66.7) 23(71.9) -0.06
Moderate (221-450) 21(32.3) 9(28.1) 0.06

CD medications at baseline

Any biologic, 39(60.0) 23(71.8) -0.24

small molecule or

immunomodulator
Anti-TNF 13 (20.0) 12(37.5) -0.40
Anti-IL-12, IL-23 12(18.5) 5(15.6) 0.07
Anti-integrin 7(10.8) 4(12.5) -0.05
Immunomodulator 9(13.9) 4(12.5) 0.04
(6-mercaptopurine,
azathioprine,
methotrexate)

Small molecule 2(3J) 0(0.0) 0.22
(JAK inhibitor)

5-Aminosalicylate 17 (26.2) 3(9.4) 0.42

Corticosteroids 14 (21.5) 4(12.5) 0.21

Antibiotics 3(4.6) 0(0.0) 0.34

Duration of advanced 8.0 (4.0-27.0) 12.0 (4.0-36.0) -0.12

therapy, months

CRP, mgl™ 3.0 (1.0-8.0) 3.0(1.0-6.5) 0.12

CRP>10mgl” 14 (21.5) 6(18.8) 0.04

ESR, mmh™ 10.0 (4.0-24.0) 12.5(4.3-18.3) 0.22

ESR elevated 11(16.9) 4(12.5) on

Fecal calprotectin, 115.0 (30.0-276.0) 88.5(52.0-224.5) 0.26

Hgg”

Fecal calprotectin, 31(48.4) 15 (46.9) 0.02

>120ugg™

?As determined per Montreal classification guidelines. °L4 (upper Gl) is assigned as a
mutually exclusive category if disease is only present proximal to the terminal ileum. If
disease involves both proximal and distal regions relative to the terminalileum, L4 is used as
a modifier in combination with categories L1-L3. °Participants without evidence of stricturing
or penetrating disease were assigned to B1 (inflammatory) phenotype. Participants who
reported perianal fistulae and/or abscesses of CD diagnosis were considered to have a history
of perianal disease. IL, interleukin; JAK, Janus kinase; ESR, erythrocyte sedimentation rate.

control (71.8% versus 40.0%, P= 0.02; Fig. 3¢). Participants with colonic
disease had a greater rate of clinical response 70 after three cycles of
FMD compared with the baseline diet (82.4% versus 33.3%, P=0.01;
Fig.3d). A similar pattern was seen in participants with ileocolonic
disease (71.4% versus 30.0%, P= 0.03; Fig. 3e) but not in participants
withisolatedileal disease (55.5% versus 60.0%, P= 0.99; Fig. 3f). Nota-
bly, FMD was effective in inducing clinical remission and response in
patients who were not on any medical therapy compared with baseline
diet without medical therapy (76.9% versus 33.3%, P= 0.04; Fig. 3g).

FMD is superior to baseline diet inimproving patient-reported
outcomes and quality of life

Patient-reported outcome (PRO) and quality-of-life measures were
prespecified secondary outcomes that were measured after the com-
pletion of three FMD cycles (Extended Data Fig. 3).

In the FMD group, 47.7% participants achieved remission by PRO
(defined asfewer than four loose or watery (Bristol type 6 or 7) stools per
day and minimalabdominal pain (severity rated less thanorequaltolon
a0-3Likertscale)) compared with25.0% in the control group (P< 0.05;
Extended Data Fig. 3a). Quality of life was assessed using the short IBD
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Fig. 2| Clinical and laboratory outcomes after FMD. a, A significantly higher
proportion of participants met the primary outcome (clinical response 70, CDAI
decrease of >70 points or CDAI < 150) after 3 cycles of FMD compared with 12
weeks of baseline diet (69.2% versus 43.8%, P= 0.03). b, A greater proportion

of participants in the FMD group achieved clinical remission (CDAI < 150) after
3FMD cycles versus baseline diet (64.6% versus 37.5%, P=0.02). ¢, There was a
significant difference in the proportion of participants who achieved clinical
response 100 (reduction in CDAl by >100 or CDAI <150) after completing

the third FMD cycle versus control (66.2% versus 40.6%, P=0.02).d, More
participants achieved clinical response 70 after only 1 cycle of FMD compared
with 2 weeks of baseline diet (66.2% versus 43.8%, P < 0.05). e, After the third FMD
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cycle, the mean percentage change in CRP from baseline was not statistically
different between the two groups (-1.0% versus 36.9%, P= 0.06). f, There was
asignificant decline in mean percentage change in fecal calprotectin (-22.0%
versus 8.0%, P=0.03) after the third FMD cycle. g, Analysis showed a significantly
higher proportion of participants in the FMD group (37.0%) had a >50% decline

in fecal calprotectin from baseline compared with controls (6.3%) after the third
FMD cycle (P=0.01).Ina-d, percentages of participants meet the criteria for
response. Ine,f, Percentage change was measured from baseline compared with
after the third FMD cycle, where error bars represent s.e.m. Ing, percentages of
participants meet the criteria for response. Pvalues were calculated by two-sided
Fisher’s exact test or chi-square test; Pvalues are shown or *P < 0.05.

questionnaire (SIBDQ)"". Inthe FMD group, 46.2% participants reported
an SIBDQ score of greater than 50 after three cycles of FMD, compared
withonly 25.0% in the control group® (P < 0.05; Extended Data Fig. 3b).
Inaddition, each participant’s perception of their remission status was
assessed through the patient global assessment (PGA). A significantly
higher percentage of participants in the FMD group reported feeling
that they were in remission by PGA compared with the control group
(24.6% versus 6.3%, P=0.03; Extended Data Fig. 3c).

Endoscopic outcomes

Dueto the COVID-19 pandemic and patient hesitation toundergo elec-
tive colonoscopy, only six participants elected to have colonoscopy
to assess for endoscopic evaluation of response to dietary therapy, of
which five were in the FMD group and one was in the control group.
Disease activity was determined by a blinded endoscopist using the
Simple Endoscopic Score for CD (SES-CD). In the FMD group, four of
five participants showed endoscopic remission after the third cycle;
this included one participant who showed improvement from severe
activity (SES-CD 19) to complete remission (SES-CD 0) and one partici-
pantwho showed improvement from moderate activity (SES-CD12) to
remission (SES-CD 2)". In the control group, the only participant who
underwent colonoscopy maintained mild activity.

Dietary adherence
Participants in the FMD group achieved 76.9% adherence to the
diet for all three cycles. Adherence rates were similar across

each of the three cycles. In the control group, 87.5% participants
were adherent to their baseline diet during the study period
(Supplementary Table 2).

Among those participants who reported adherence to their
assigned diet at all times, the per-protocol analysis showed that
82.0% FMD patients and 50.0% control patients achieved the primary
outcome of clinical response 70 (P < 0.01; Extended Data Fig. 4a).
Furthermore, among these participants, agreater proportion of the
FMD group achieved clinical remission (76.0% versus 39.3%, P < 0.01;
Extended Data Fig. 4c). We observed concordant changes in both
CRP (-15.7% versus 36.9%, P < 0.01; Extended Data Fig. 4f) and cal-
protectin (-36.5% versus 8.9%, P < 0.01; Extended Data Fig. 4g), favor-
ing the FMD group among participants who were adherent to their
assigned diet.

FMD attenuates lipid mediators and immune-effector gene
expression associated with intestinal inflammation

Giventhe enhanced clinical response to FMD compared with baseline
diet, we then examined whether these improvements were accompa-
nied by biological changes that provide insight into the underlying
mechanisms. We conducted untargeted plasma metabolomics on all
samples collected at baseline and after FMD. Fourteen of the top 20
downregulated pathways mapped to arachidonic and linoleic acid
metabolism, consistent with suppression of lipid mediator signaling
and inflammation; by contrast, no pathway enrichment was observed
among upregulated metabolites (Extended Data Fig. 5). Guided by
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Fig. 3| Clinical response at the primary endpoint by CD severity and
phenotype. a,b, More participants with mild (a; 75.0% versus 47.8%, P= 0.03) and
moderate (b; 57.1% versus 11.1%, P = 0.04) disease severity achieved the primary
outcome (clinical response 70, CDAl decrease of 270 points or CDAI <150) in

the FMD group compared with control. ¢, Participants with inflammatory CD
were significantly more likely to respond to the FMD versus control (71.8%

versus 40.0%, P=0.02).d-f, Clinical response was higher in the FMD group
thanin controls among patients with colonic (d; 82.4% versus 33.3%, P= 0.01)
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and ileocolonic (e; 71.4% versus 30.0%, P = 0.03) diseases, but no significant
difference was observed in participants with ileal CD (f; 55.5% versus 60.0%,
P=0.99).g, Of participants not on medical therapy at baseline, participantsin
the FMD group had a higher rate of clinical response versus participantsin the
control group (76.9% versus 33.3%, P= 0.03). Results are shown as percentages of
participants meeting the criteria for response. Pvalues were calculated by two-
sided Fisher’s exact test or chi-square test; NS, P> 0.05,*P < 0.05.

this pathway analysis, we then examined the detected lipid media-
tors within these specific downregulated pathways. In line with the
enrichment analysis, we observed a broad reduction in intestinal
inflammation-associated lipid mediators after FMD compared with
baseline'®?. In the arachidonic acid-derived leukotriene (LT) path-
way, FMD significantly reduced downstream oxidation products
of both LTB, and LTE,, key pro-inflammatory mediators elevated in
IBD*%, After FMD, we also observed significant decreases in recog-
nized markers of oxidative stress and inflammation, including the
oxidized linoleic acid derivatives 13-hydroxyoctadecadienoic and
9-hydroxyoctadecadienoicacids (13-HODE and 9-HODE), as well as their
downstream trihydroxyoctadecenoicacids (TriHOMEs)—all elevatedin
active IBD'?*?"%8 (Fig. 4a). Notably, FMD increased 15-oxo-LXA,/LXB,,
anti-inflammatory lipoxin (LX) metabolites known to suppress nuclear
factor-k B-dependent transcription®°,

Next, we asked whether the anti-inflammatory effects of FMD
extended to key pathogenicinflammatory mediators of CD. To test this,
we measured expression of a prespecified panel of genes with estab-
lished relevance to CD pathogenesis in peripheral blood mononuclear
cells (PBMCs) from participants, comparing post-FMD levels to baseline
using reverse transcription quantitative polymerase chain reaction
(RT-gPCR; Fig. 4b and Supplementary Table 3). FMD significantly
reduced expression of several canonical pro-inflammatory cytokines,
specifically TNF, NLRP3,IL-13 and IL-18.FMD also significantly decreased
expression of chemokines CCL20 (C-C motif chemokine ligand 20) and
CXCL10 (C-X-C motif chemokine ligand 10), which mediate immune
cell recruitment, compared with baseline (Fig. 4b). Together, these
dataindicate that FMD lowers pro-inflammatory lipid mediators and
downregulates immune-effector transcripts, providing a molecular
basis for the observed reductionin CD activity.

Safety

FMD was well-tolerated throughout the study. There were no significant
changesinweightin either the FMD group (median=0.0%,IQR =-3.1
to 0.5%) or the control group (median = 0.0%, IQR =1.0-1.0%).

No participants in the FMD group reported severe (grade 3)
adverse events, while seven (21.8%) participants in the control group
reported severe adverse events at the time of primary outcome assess-
ment. In the FMD group, fatigue (n = 34, 52.3%) and headache (n =33,
50.8%) were the most common adverse events and are commonly
reported in fasting®. Among those who reported either headache or
fatigue, the vast majority reported only mild symptoms (headache
(n=27,81.8%) and fatigue (n=26,76.5%)).In the control group, diarrhea
(50.0%) and abdominal pain (37.5%) were the most common adverse
events (Table 2). Fourteen (21.5%) participants withdrew from the
FMD group compared with three (9.4%) from the control group, but
none of these withdrawals were due to adverse effects. The reasons
for withdrawal are noted in Supplementary Table 4.

Discussion

This randomized, controlled, clinical trial compared the effective-
ness of FMD versus baseline diet to reduce clinical disease activity
and intestinal inflammation in adult patients with mild-to-moderate
CD. FMD significantly improved the primary outcome compared
with the baseline diet, with nearly 70% participants achieving clinical
response and over 60% participants achieving remission. FMD was
also effective in eliciting biochemical response, with a significantly
greater average decline in fecal calprotectin in the FMD group com-
pared with the control group. Although the percentage changes in
CRPbetween the FMD and control groups did not quite meet statistical
significance (P=0.06), the study was powered only for the primary
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Fig. 4| FMD attenuates lipid mediators and immune-effector transcripts
associated with CD. a, Untargeted plasma metabolomics at baseline (n =13)
and after FMD (n =13) showed reductions in pro-inflammatory oxidized LT

and linoleic acid metabolites after FMD versus baseline, with aconcomitant
increase in anti-inflammatory oxo-LXs. These metabolites are represented in the
figure as ox-LTB,, 20-OH-LTB,; ox-LTE,, 18-carboxy-dinor-LTE,; ox-LXA,/LXB,,
15-ox0-LXA,/B,. b, RT-qPCR analysis of PBMCs at baseline (n = 14) and after FMD
(n=14) demonstrated reduced expression of pro-inflammatory chemokines
and cytokines. Blood samples were available only for a subset of the original
FMD arm cohort, drawn after one FMD cycle. One patient’s plasma samples were
excluded due to quality control failure. Statistical significance was assessed by
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paired two-sided Wilcoxon signed-rank test. Data are presented as mean + s.e.m.
Pvalues were FDR-adjusted using the two-stage BKY procedure (adjusted within
panel), with significance defined as g < 0.10. Asterisks denote FDR-adjusted
significance (*q < 0.10; **q < 0.05). Exact FDR-adjusted P values (g) for all results
areas follows: (a) TriHOMEs, g = 0.09; 9-HODE/13-HODE, g = 0.06; 9-HpODE/13-
HpODE, g = 0.31; linoleicacid, g = 0.59; ox-LTB,, g = 0.02; ox-LTE,, g = 0.02; ox-
LXA,/B,, g¢=0.05; arachidonic acid, g = 0.02; (b) TNF, g = 0.04; CXCL10, g = 0.04;
CCL20,q=0.09;IL-10,q=0.43;L-18,q = 0.04; IL-18,q = 0.01; NLRP3, g = 0.09;
NF-kB, g =0.36. HpODE, hydroperoxyoctadecadienoic acid; CXCL, C-X-C motif
chemokine ligand; CCL, C-C motif chemokine ligand; NF-kB, nuclear factor-k B1.

outcome of clinical response and remission. Furthermore, patients
with mild CD (the majority of the trial participants) often do not have
notable abnormalities in CRP, which can make it more challenging
to assess therapeutic responses. Following emerging evidence after
initial study design, such as the STRIDE Il guidelines, which linked a
50% reduction in fecal calprotectin to corticosteroid-free remission
and endoscopicinactivity, we conducted a post hoc analysis to assess
the proportion of patients in each group who met this threshold®*>*.
Significantly more participantsinthe FMD group had a 50% or greater
decline in fecal calprotectin, providing further biochemical support
for the favorable changes observed in CDAlin the FMD group. We also
observed concordant reductions in inflammatory pathways across
both plasma metabolomics and PBMC transcript profiling, as further
discussed below, aligning with improvements in clinical biomarkers
and disease activity.

These findings highlight the potential of FMD to serve as an effec-
tive intervention for mild and moderate CD. This is an unmet clinical
need, particularly as mild CD has no FDA-approved therapies apart from
corticosteroids. It is notable that we show that FMD was superior to
baseline diet for theinduction of clinical response and remission even
among patients not on CD therapy. In addition, FMD requires dietary
changes for only 5 days per month, allowing individuals to maintain
their usual eating patterns and making it potentially adaptable across
diverse baseline diets.

FMD likely confers benefit in CD through multiple mechanisms.
Caloric restriction suppresses inflammatory pathways, including
nuclear factor-k B, NOD-like receptor family, pyrin domain-containing

protein3 (NLRP3) and TNF—central mediators of mucosal inflammation
and tissue damage in CD*>*°. Our transcriptional profiling of PBMCs
demonstrated that FMD reduced expression of key pro-inflammatory
mediators, including NLRP3, TNF, IL-13 and IL-18; IL-13 and IL-18 are
cytokines released downstream of NLRP3 inflammasome activation,
and propagate intestinal inflammation® *, FMD also reduced circu-
lating levels of arachidonic acid-derived LT and linoleic acid oxidized
metabolites—pro-inflammatory lipid mediators elevated in CD and
linked to epithelial barrier disruption and inflammation*?, Second,
FMD and the post-FMD refeeding state activate intestinal stem cells
in mouse models, facilitating the replacement of damaged epithelial
tissue through various signaling proteins and growth factors, such
as increased fibroblast growth factor 2 expression'”**. Third, FMD is
rich in prebiotic oligofructoses, fructo-oligosaccharides and galac-
tomannan that promote outgrowth of beneficial bacteria, including
Lactobacillaceae, afamily of bacteria that has been shown to regulate
T-cell activity and attenuate colitis symptoms*. Fourth, FMD promotes
adaptive autophagy, whichis an early part of cellular stress response;
autophagy, which removes damaged organelles and misfolded pro-
teins, protects host cells from subsequent injury*e. Finally, in other
studies, both fasting and FMD have been shown to increase serum
ketones several fold; certain ketones, such as -hydroxybutyrate, have
beenshownto modulate intestinalinflammation through direct effects
oninflammatory cell profiles**.

FMD was able to rapidly improve symptoms compared with
baseline diet, with 66% participants reporting clinical improvement
after a single, 5-day cycle of FMD. We also observed loss of clinical
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Table 2| List of adverse events per NCI CTCAE version 5.0 (ref. 62)

Adverse event Grade1 Grade 2 Grade 3

FMD Control Pvalue FMD Control Pvalue FMD Control Pvalue

n (%) n (%) n (%) n (%) n (%) n (%)
Fatigue 26 (40.0) 3(94) <0.01 8(12.3) 1(31) 0.26 0(0.0) 0(0.0) 1.00
Headache 27 (41.5) 0(0.0) <0.01 6(9.2) 1(3) 0.42 0(0.0) 0(0.0) 1.00
Bloating 16 (24.6) 1(3.) <0.01 6(9.2) 0(0.0) 017 0(0.0) 0(0.0) 1.00
Dizziness 12 (18.5) 1(3.1) 0.06 4(6.2) 0(0.0) 0.30 0(0.0) 0(0.0) 1.00
Diarrhea 12(18.5) 1(34.4) 013 3(4.6) 3(9.4) 0.39 0(0.0) 2(6.3) on
Abdominal pain 13 (20.0) 1(31) 0.03 1(1.5) 5(15.6) 0.01 0(0.0) 6(18.8) <0.01
Other complaints 11(16.9) 3(9.4) 0.38 2(39) 1(3) 1.00 0(0.0) 0(0.0) 1.00
Nausea 9(13.9) 1(3.) 016 3(4.6) 1(3.) 1.00 0(0.0) 0(0.0) 1.00
Concentration impairment 8(12.3) 0(0.0) 0.05 2(31) 0(0.0) 1.00 0(0.0) 0(0.0) 1.00
Malaise 5(7.7) 0(0.0) 017 3(4.6) 0(0.0) 0.55 0(0.0) 0(0.0) 1.00
Flatulence 7(10.8) 0(0.0) 0.09 0(0.0) 0(0.0) 1.00 0(0.0) 0(0.0) 1.00
Irritability 5(7.7) 0(0.0) 017 0(0.0) 0(0.0) 1.00 0(0.0) 0(0.0) 1.00
Constipation 4(6.2) 0(0.0) 0.30 0(0.0) 0(0.0) 1.00 0(0.0) 1(31) 1.00
Vomiting 2(31) 3(9.4) 0.33 0(0.0) 0(0.0) 1.00 0(0.0) 0(0.0) 0.33
Dry mouth 0(0.0) 0(0.0) 1.00 1(1.5) 0(0.0) 1.00 0(0.0) 0(0.0) 1.00
Fecal incontinence 0(0.0) 0(0.0) 1.00 1(1.5) 0(0.0) 1.00 0(0.0) 0(0.0) 1.00
Chills 1(1.5) 0(0.0) 1.00 0(0.0) 0(0.0) 1.00 0(0.0) 0(0.0) 1.00
Tinnitus 1(1.5) 0(0.0) 1.00 0(0.0) 0(0.0) 1.00 0(0.0) 0(0.0) 1.00

Adverse events are graded according to CTCAE guidelines. Grade 1, mild; asymptomatic or mild symptoms; clinical or diagnostic observations only; intervention not indicated. Grade 2,
moderate; minimal, local or noninvasive intervention indicated; limiting age-appropriate instrumental activities of daily living (that is, preparing meals, shopping for groceries or clothes, using
the telephone, managing money, etc.). Grade 3, severe or medically significant but not immediately life-threatening; hospitalization or prolongation of hospitalization indicated; disabling;
limiting self-care activities of daily living (that is, bathing, dressing and undressing, feeding self, using the toilet, taking medications and not bedridden). P values were calculated by two-sided

Fisher’s exact test or chi-square test. CTCAE, Common Terminology Criteria for Adverse Events.

response after a washout period of 3 months. This suggests that the
optimal number of FMD cycles required to maintain clinical benefits
over extended periods in patients with CD remains unclear, and that
continued 5-day cycles per month of diet therapy may be necessary
for sustained remission.

Participants with colonic and ileocolonic CD had higher rates
of clinical response and remission with FMD compared with control.
However, participants with ileal disease alone did not demonstrate
the same improvement. We hypothesize that this is due to the dis-
tinctimmune environments in the large and small bowel. The colonic
immune microenvironment is more responsive to luminal antigens,
and fasting effectively reduces antigenic stimulation®>*', In addition,
given the more rapid turnover of enterocytes relative to colonocytes,
the autophagy response triggered by fasting may not be as beneficial
in the small bowel>>>.

Blinded endoscopic assessments also showed promising results
with FMD—four of five participants with baseline endoscopic dis-
ease achieved endoscopic remission by the end of the third diet
cycle'**, Patients not receiving any IBD therapy experienced sig-
nificant improvement with FMD relative to baseline diet alone—an
important finding given the limited maintenance treatment options
for mild CD.

Thetrialhad ahighresponserateinthe control group, with approx-
imately 40% participants showing clinicalimprovement or remission.
This high response rate was likely multifactorial. First, all participants
were allowed to continue standard-of-care medical therapy. Second,
asthe study populationincluded only patients with mild-to-moderate
CD, itis reasonable that some participants had clinical improvement
dueto fluctuations that may occur in the natural history of the disease.

Adherence to the FMD was high, likely due to the provision of
meal kits and the brief, 5-day duration of dietary restrictions. FMD

was well-tolerated, with no serious adverse events reported. A total
of 17 participants (17.5%) dropped out of the study, and the study was
powered a priori to account for dropouts.

This study has several key strengths. To our knowledge, this is
the largest randomized, controlled trial of a solid, nonexclusion diet
in adults with CD>*°, While exclusive and partial enteral nutrition
are effective, their limited palatability and high cost currently hinder
broad adoption®®®'. In contrast, FMD is compatible with awide range
of dietary patterns and does not require complete change in diet—an
importantadvantage as the global prevalence of IBDrises, particularly
outside Europe and North America. This study identifies adietary inter-
vention thatis not only effective at controlling clinical disease activity
but also effective for inducing biochemical response in patients with
mild-to-moderate CD. Notably, there were no differences between FMD
and control in starting corticosteroids or advanced therapy during
the trial. Furthermore, there was no difference in the recent start of
advanced therapy (defined asless than or equalto2 months) or median
duration of advanced therapy. While we believe that FMD is best used
asanadjunctive treatment along with conventional therapy, our data
suggest that it may be effective as monotherapy in patients with mild
disease.Inaddition, the concordant metabolomic and transcriptional
signatures from analysis of biological samples provide alignment with
the clinical benefit, indicating that FMD modulates known metabolic
pathways and associated cytokine-chemokine networks implicatedin
CD.Finally, the trial also enrolled participants from diverse geographic
regions across the United States, adding to the generalizability of
the findings.

Our study has some limitations. Similar to virtually all diet studies,
we were unable toblind patients to the group to which they were rand-
omized. Inaddition, while we enrolled patients with mild-to-moderate
disease, nearly two-thirds of the cohort had mild disease, limiting our
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ability tounderstand theimpact on patients with moderate-to-severe
disease. Patients with mild disease may be more prone to assessor bias
when reporting symptoms, particularly in diet studies. Furthermore,
the study could not assess the effect of FMD on endoscopic healing
because the number of participants who underwent colonoscopy
was too small to permit quantitative analyses of this outcome. Given
the small and open-label nature of this study and limited endoscopic
data, findings should be interpreted with care. Also, the study popu-
lation was predominantly white, which may impact the generaliz-
ability of the results to other races and ethnic groups. In addition,
despite collecting blood samples within 24 h of completing FMD,
this duration and variability, along with the lack of specialized stabi-
lization in our metabolomics, detection of labile metabolites, such
certain eicosanoids, may be attenuated. For these reasons, we view
these findings as hypothesis-generating at the species level; targeted
workflows in a follow-up cohort can further delineate the principal
mediators. While there are several mechanisms of action by which
FMD exertsits anti-inflammatory effect, it is notable that the majority
of downregulated pathways in the pathway enrichment comparing
FMD to control mapped predominantly to arachidonic and linoleic
acid metabolism, indicating that attenuation of inflammatory lipid
mediators occurs at the pathway level rather than being driven by a
single species.

In conclusion, our study demonstrates that FMD is a clinically
effective and feasible intervention for inducing clinical response and
remission in mild-to-moderate CD. While additional investigation is
necessary, its adaptability and short duration of dietary restriction
make it a promising adjunct to pharmacologic therapy.

Online content
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Methods
Study design and patient population
The ‘effects of an intermittent reduced-calorie diet on CD’ study was
an open-label, randomized, controlled, clinical trial (NCT04147585)
conducted at Stanford University that compared the effectiveness of
FMD versus baseline diet to reduce clinical disease activity in patients
with mild-to-moderate CD. The study protocol was approved by the
Stanford University Institutional Review Board (IRB), and complied
with all federal regulations, state laws, local policies and established
ethical practices. For moreinformation, the study protocol and statisti-
cal analysis plan areincluded in Supplementary Note.

Enrollment occurred between 2019 and 2023 in the United States.
We screened 279 potential participants, who were identified from a
national recruiting campaign. A total of 119 participants were recruited.
Twenty-two participants, althougheligible, decided not to participate
before randomization. The 97 enrolled patients were block randomized
2:1 (block size of 6) such that 65 participants were assigned to FMD
and 32 to control. The random allocation sequence was sequentially
numbered. Thirty-eight of these patients were recruited from Stanford
University, and the remaining patients were recruited nationally from
59institutions. During the trial, 14 participantsin the FMD group and 3
inthe control group withdrew (Supplementary Table 4).

Sample size determination

The study was powered for the primary outcome assuming an a of
0.05, power of 90% and a dropout rate of 30%. For sample size deter-
mination, the enrollment ratio was assumed to be 2:1. The effect size
was estimated from the proportion of healthy control patients who
normalized CRP during FMD in a study of healthy participants®.

Inclusion and exclusion criteria
Adult patients (male or female) between the ages of 18 and 70 years with CD
wereeligibleforinclusioninthe study. Male or female sex was self-reported
by patients at the time of screening; information was not collected regard-
ingsexidentity. Participants were also required to have mild-to-moderate
symptoms, defined by a CDAI score above 150 and no greater than 450.
A diagnosis of CD was established by each patient’s gastroenterologist
based onusual clinical, radiographic, endoscopic and histologic criteria.
Patients were excluded from the study based on several criteria.
Women who were pregnant, nursing or planning to become pregnant
were not eligible. In addition, individuals with aknown nut allergy or a
BMIbelow 18 were excluded. Patients who were severely weakened by
disease or medical procedures, or who were taking medications that
may not be safely combined with a calorie-restricted diet, were not
allowed to participate. Patients with diabetes who used antidiabetic
drugs associated with the risk of hypoglycemiawere similarly excluded.
Furthermore, individuals with more than mild-to-moderate cardio-
vascular disease or life-threatening cancer were not eligible unless
approved by a physician. This also applied to patients with a history of
severe cardiac disease, particularly uncompensated congestive heart
failure (NYHA grade 2 or higher) or a left ventricular ejection fraction
of less than 40%, as well as those with a history of syncope. Patients
with dietary requirementsincompatible with the FMD meal plan were
excluded, along with those with liver or kidney disorders that could be
adversely affected by alow-glucose and protein diet. Patients already
onacalorie-restricted diet, those with short bowel syndrome and indi-
viduals with a history of relevant gastrointestinal surgeries, including
ostomy of the small or large intestine, total colectomy, proctocolec-
tomy or ileoanal pouch, were also excluded from the study. Patients
who had undergone resection of the terminal ileum, resection of short
strictures of the smallintestine or hemicolectomy were not excluded.

Intervention
Participants randomized to the intervention arm consumed the FMD
for five consecutive days per month for three consecutive months.

Participants resumed their normal diet during the remaining approxi-
mately 25 days in each month.

Ahead of the start date for each FMD cycle, participants received a
commercially available diet box, which was purchased by theresearch
team from L-Nutra. Each box contained all the meals for each day of the
5-day FMD cycles. The foods for each day consisted of soups, nutrition
bars, snacks and supplements. During the FMD, participants’ daily
calorie intake was limited to 1,090 calories (10% protein, 56% fat, 34%
carbohydrates) on day 1, and 725 calories (9% protein, 44% fat, 47%
carbohydrates) on days 2-5. Participants were encouraged to follow
the diet exactly and consume only and all of what was provided in the
box foreachday.Intherare cases where a particularfood oringredient
was poorly tolerated, participants were allowed to substitute thatitem
usingarecipe with matching macronutrients developed by theresearch
dietitian. Any substitution requests or needs were overseen by the
research dietician to ensure the nutritional consistency with the FMD.

Outcome measures

The primary outcome was defined as a reduction in CDAI of at least 70
points from baseline or CDAI <150 (clinical response 70) after the third
5-day diet cycle®***. For the primary analysis, data were obtained within
1week, startingimmediately after the completion of the third FMD cycle
when participants had resumed their baseline diet. The CDAI score was
calculated at the end of the 1-week period. Secondary outcomes were
measured at three time points—after thefirst cycle of FMD, after the third
cycle of FMD and after a 3-month washout period following the third
cycle of FMD. The secondary outcomes measured were clinical remission
(CDAI<150), clinicalresponse 100 (reductionin CDAl of at least 100 points
frombaseline or CDAI <150), percentage change from baseline CRP, per-
centage change frombaseline erythrocyte sedimentation rate, percentage
change from baseline fecal calprotectin, remission per PRO (defined as
fewerthanfourloose or watery (Bristoltype 6 or 7) stools per day and mini-
mal abdominal pain (severity rated less than or equal tolona 0-3 Likert
scale), PGA of symptoms, effect of FMD on patient quality of life measured
by SIBDQand the effect of FMD on endoscopic healingas measured by the
SES-CD. Participants were considered to have achieved PGA remission if
they perceived their CD symptoms to be in remission at the time of the
assessment. All labs were performed at the Stanford Clinical Lab or at
commercial labs. All participants continued to receive standard-of-care
medical therapy under the direction of their gastroenterologist.

Additional post hoc analyses were performed. First, after observ-
ingthat many enrolled patients were not receiving advanced therapy,
we evaluated the efficacy of FMD compared with baseline diet in a
subgroup of patients who were off advanced therapy. Second, after
observing a clinically significant difference in some baseline charac-
teristics (defined by SMD difference of >0.20), we performed multivari-
ablelogistic regression analyses to estimate the treatment effect while
adjusting forimbalanced baseline variables (Supplementary Table1).
Third, we adjusted the inflammatory markers for multiple comparisons
(Supplementary Table 5). Finally, we determined what percentage of
patients had a50% or greater declinein fecal calprotectin frombaseline,
consistent with a clinically meaningful decline previously described
in multiple other studies and the STRIDE Il guidelines, which were
released after the initial study design®.

For all binary outcomes, any participant who withdrew from the
study before the relevant endpoint was categorized as FMD treatment
failure. Missing continuous outcomes were imputed by carrying for-
ward the baseline measurement.

Protocol modifications

Our study faced substantial delaysinrecruitment due to the SARS-CoV-2
pandemic. In response, we modified our protocol to allow any partici-
pants who withdrew from the study before the third FMD cycle due to
the pandemic to re-enroll after awashout period of 3 months; ultimately,
thisaccommodation allowed for the re-enrollment of four participants.
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We also expanded our recruitment from Stanford clinics to nation-
wide in February 2021. This modification enabled screening of par-
ticipants fromoutside Stanford. Local participants continued to have
study visits and labs at Stanford clinics; however, for participantsliving
outside of the Stanford area, study visits were conducted through
phone or video call and labs were completed at local facilities.

Dietary adherence assessments

Participants reported adherence by completing online questionnaires
(weekly during the baseline diet and daily during the FMD cycles) and
phone calls from the research team. The daily surveys during FMD
cycles asked participants to self-report adherence and any deviations
fromthe FMD. Participants also received two scheduled calls from the
researchdietitian during the baseline diet period, and three calls from
theresearch team (including atleast one call from the study dietitian)
duringeach FMD cycle.

Participants in the FMD arm were considered adherent during
FMD cyclesifthey did not consume more than 400 additional calories
beyond what was provided in the meal kit on any given day of the cycle
and completed all 5 days of each cycle. Participants were considered
adherent to their regular diet if they did not have any self-described
changes in diet or exclusion of foods (for example, new start of an
MD) during the periods between FMD cycles (for FMD participants)
or throughout the study period (for control participants).

Adverse events

Adverse events were assessed at each study visit for all participants
and during each diet cycle for the FMD group. Adverse events were
self-reported and subsequently graded according to the Common
Terminology Criteria for Adverse Events version 5.

Ethics
The protocol was reviewed and approved by the Stanford University IRB
(IRB-53161) in 2019. All patients provided writteninformed consent to par-
ticipate before proceeding with any study-specific procedures. The study
adheredto the Consolidated Standards of Reporting Trials guidelines.
Participants received a $200 reimbursement to offset time and
parking-related expenses and the inconvenience/personal costs associ-
ated with attending multiple study visits. Participants who agreed to
undergo endoscopy as part of the study received an additional $200,
bringing the total payment to $400. Payments were made to each
participant after completion of all study activities.

Statistical analysis

Sample size was determined a priori by standard power calculations.
All analyses of clinical data presented in the main body of the paper
were conducted by intention-to-treat analysis. We have also included
per-protocol analysis for the following endpoints that were measured
after the third cycle of FMD in the supplement: clinical response 70,
clinical response 100, clinical remission, remission by PRO and SIBDQ,
CRPand calprotectin changes (Extended Data Fig. 4). Allendpoints and
analyses were prespecified unless otherwise stated. Descriptive data
arereported withmedianand IQR or counts and percentages. Continu-
ous data were analyzed using a two-sided ¢ test. For ¢ tests, normality
was verified using the D’Agostino-Pearson test and homogeneity of
variance was verified by Levene’s test. Categorical datawere analyzed
using a chi-square test or Fisher’s exact test, as appropriate. All tests
were two-sided (a = 0.05). Pvalues were adjusted for multiplicity using
the two-stage Benjamini-Krieger-Yekutieli (BKY) procedure due to
positive dependence among tests within a panel; FDR-adjusted P val-
ues are reported with a prespecified FDR threshold of 10% (g < 0.10),
defining significant results®. Adjustments were applied within each
prespecified panel, namely the clinical inflammatory biomarker panel
(Supplementary Table 5), lipid mediator families (specifically, arachi-
donicacid-derived LT and linoleic acid-derived metabolite pathways;

Fig.4aand Extended DataFig. 5), and the cytokine/chemokine RT-qPCR
transcripts (Fig. 4b). Additional data analysis methodology for metabo-
lomics and RT-qPCR s described below in their respective sections.

Subgroup analyses were performed to understand the impact of
the following variables: mild versus moderate disease, IBD therapy,
disease location (L1-L3) and disease behavior. We also assessed the
impact of residual confounding using multivariable logistic regres-
sion, including the following variables that had baseline imbalances
(SMD > 0.20) after randomization: sex, race, ethnicity, smoking status,
BMI and use of advanced IBD therapy. The adjusted odds ratios are
presented in Supplementary Table 1.

Demographic data are reported as median and IQR or counts and
percentages (Table1and Supplementary Tables 4, 6 and 7). SMDs were
calculated to measure effect size®*’ (Table 1). SMD is a measure of
effect size that quantifies the difference in proportion between two
groups. Typically,an SMD of 0.20-0.49 is considered small, 0.50-0.79is
mediumand >0.79is large®**’. All clinical data analyses were conducted
using R (version 4.3). Data visualization was done using GraphPad.

Pathway analysis directed plasma metabolomics sample
preparation and data acquisition

Blood was centrifuged at 800g for 10 min. Plasma and PBMCs were
isolated and stored as previously described®®. Plasma samples were
thawed onice and mixed with prechilled 100% methanol at a1:4 ratio,
followed by 30 min of shaking in a sonicator bath. Samples were then
keptonice foranadditional 30 min and centrifuged at4 °C for 15 min.
A150-plaliquot of the supernatant was transferredinto liquid chroma-
tography-mass spectrometry (LC-MS) vials containing 150-plinserts.
Quality control samples were prepared by pooling 10 pl of supernatant
fromeachindividual sample.

Untargeted metabolomic profiling was performed on an Agilent
1290 Infinity LC system coupled to an Agilent 6545 time-of-flight mass
spectrometer. A reverse-phase (RP) column (Agilent Technologies, part
959758-902) was used in positive and negative ion electrospray ioniza-
tion (ESI" and ESI") modes. Briefly, 5-pl supernatant was injected into the
system. Mobile phases for ESI*-included 0.1% formicacid in water (A) and
0.1% formic acid in acetonitrile (B)*°. Mobile phases for ESI™-included
5-mMammonium acetate inwater (A) and 100% acetonitrile (B)™. Gradi-
entsettings of RP-ESI* were as follows: 0-2.5 min, 5% B; 2.5-9.5 min, 5-95%
B;9.5-12 min, 95% B;12-12.1 min, 95-5% B; and 12.1-15 min, 5% B. Gradient
settings of RP-ESI” were as follows: 0-2.5 min, 2% B; 2.5-9.5 min, 2-80% B;
9.5-12 min, 80% B;12-12.1 min, 80-2% B; and 12.1-15 min, 2% B. The flow
rate was maintained at 0.4 ml min™. Dual Agilent Jet Stream ESI param-
etersare as follows: gas temperature, 300 °C; drying gas, 111 min, nebu-
lizer, 35 psi; sheath gas temperature, 275 °C, sheath gas flow, 111 min™;
VCap, 3,500 V. MS/time-of-flight was set as follows: fragmentor, 120 V;
skimmer, 65 V. The scanning range was set to m/z100-1,700, and the
acquisitionrate was 2 spectra per scan. High-resolution, accurate-mass
full-scan MS was performed to capture all detectable ions.

Metabolomic annotation and data analysis

Raw data were converted to MS markup language format using
MSConvert (version 2.1, ProteoWizard) and processed through Meta-
boanalystR. A noise threshold of 1,000 was used when constructing
isolated chromatograms for each mass. The locally estimated scat-
terplot smoothing regression method was applied to correctretention
times, and missing values were imputed using local chromatographic
signals. MS1 annotation used CompoundDB with Human Metabo-
lome Database (version 5.0), applying a 10 ppm mass tolerance. Raw
metabolite intensities were normalized to the median peak intensity
of each sample to reduce variation arising from sample loading and
instrument drift, and then log,, transformed to improve normality.
To investigate pathway-level metabolic alterations associated with
FMD, metabolites exhibiting a fold change >1.5 or <1/1.5were selected
for enrichment analysis using MetaboAnalystR. Overrepresentation
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analysis was performed leveraging the Reactome pathway database to
identify significantly enriched pathways within this subset. Pathways
passing FDR correction using the BKY two-step method with an FDR
threshold set at 10% (g < 0.10) were considered significant. We then
focused on a subset of FDR-significant pathways of interest and ana-
lyzed the corresponding metabolites. Longitudinal within-participant
changesinthese metabolites were evaluated using paired, two-tailed ¢
tests or Wilcoxon signed-rank tests, depending on data distribution”.

RNA isolationand RT-qPCR

PBMCs were thawed onice. RNA was extracted using RNeasy Mini (74104,
Qiagen). Complementary DNA synthesis was performed using the Quan-
tiNova Reverse TranscriptionKit (205411, Qiagen). qPCR was performed
on Applied Biosystems StepOnePlus Real Time-PCR System Thermal
Cycling Block (Thermo Fisher Scientific) using SYBR Green fluorescence
dye (Q712, Vazyme) expression assays, following the manufacturer’s
instructions. Primers were designed using the Primer-BLAST tool at
the National Center for Biotechnology Information and made by the
Stanford Protein and Nucleic Acid Facility. For analysis, each gene was
normalized to the housekeeping gene, hypoxanthine phosphoribosyl-
transferase 1. mRNA levels were quantified using the difference in C,
values and calculated using the 2**“ method. A list of the qPCR primers
used is provided in Supplementary Table 3. For RT-qPCR analysis, sta-
tistical significance was assessed using atwo-sided (a = 0.05) Wilcoxon
signed-rank test for paired samples. Pvalues were adjusted for multiple
comparisonsin GraphPad Prism using the two-stage linear step-up BKY
across the prespecified transcript panel, which were considered posi-
tively dependent. Analysis of inflammatory gene expression using qPCR
was conducted using GraphPad Prism 10. FDR correction of Pvalues was
performed using GraphPad Prism and verified inR.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

We have deposited metabolomics raw data on figshare (https://fig-
share.com/s/5ef87ff3127d0aad5a5a). Anonymized clinical data may
be made available upon reasonable request with at least 4 weeks’
notice. Data access requests should contact the corresponding author.
Approval of such requests is at the PI’s and sponsor’s discretion and
depends on the nature of the request, the merit of the research pro-
posed, the availability of the data and the intended use of the data.
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Extended Data Fig. 1| Clinical outcomes after the first FMD cycle. CDAl score
significantly decreased among participants with mild-to-moderately active

CD after completing the first cycle of the FMD compared to control. a, After
completing the first 5-day FMD, more participants achieved clinical remission
compared to participants who made no diet changes (60.0% versus 37.5%,
P=0.04).b,c, This difference in clinical response after a single cycle of FMD was

also observed when patients were stratified into mild (b, 75.0% versus 43.5%,
P=0.02) and moderate (c, 47.6% versus 0.0%, P=0.01) disease. Results are shown
as percentages of participants meeting the criteria for response. P values were
calculated by Fisher’s exact test or chi-square test; NS: P> 0.05, *P < 0.05. FMD,
fasting-mimicking diet.
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Extended DataFig. 2 | Clinical outcomes 3 months after the third FMD cycle.
CDAlscore assessment at the end of the study (week 24); for participantsin the
FMD group, this corresponded to approximately 3 months after completion
ofthe third FMD cycle. a-d, No significant differences were observed in the
percentages of participants achieving clinical response (a, 56.9% versus 53.1%,
P=0.83) or clinical remission (b, 55.4% versus 43.8%, P= 0.39) between FMD and
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control groups after 3-month washout, regardless of mild (c, 54.6% versus 60.9%,
P=0.79) ormoderate (d, 71.4% versus 33.3%, P= 0.10) disease severity. Results
are shown as percentages of participants meeting the criteria for response. P
values were calculated by Fisher’s exact test or chi-square test; NS: P> 0.05. FMD,
fasting-mimicking diet.
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Extended DataFig. 3| PRO and quality of life after the third FMD cycle.

a, Remission by PRO was achieved by 47.7% of FMD versus 25.0% (P < 0.05).
b, Improvement in SIBDQ by more than 50 points was observed in 46.2% of
FMD versus 25.0% of control participants (P < 0.05)*'°. ¢, Remission by PGA

was observed in 24.6% of FMD versus 6.3% of control participants (P=0.03).
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FMD, fasting-mimicking diet; PRO, patient-reported outcomes; SIBDQ, short
inflammatory bowel disease questionnaire; PGA, patient global assessment.
Results are shown as percentages of participants meeting the criteria for
response. Pvalues were calculated by two-sided Fisher’s exact test or chi-square
test; *P < 0.05.
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Extended Data Fig. 4 | Per-protocol analysis of clinical, patient-reported, and
laboratory outcomes after the third FMD cycle. Data from participants who
completed the study were assessed after the third FMD cycle; for participantsin
the control group, this corresponded to approximately 12 weeks after baseline.
a-c, Significantly more participants met criteria for clinical response 70 (a,
82.0% versus 50.0%, P < 0.01), clinical response 100 (b, 78.0% versus 42.9%,
P<0.01), and clinical remission (¢, 76.0% versus 39.3%, P < 0.01) after completing
the three FMD cycles compared to participants who made no dietary changes.
d,e, Compared to baseline, a significantly higher percentage of participants
reported remission by PRO (d, 58.0% versus 25.0%, P < 0.01) and improvement in
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SIBDQscore (e, 56.0% versus 28.6%, P = 0.02) after the third FMD cycle compared
to participants in the control arm. f,g, There were significant differences in

mean percentage changein CRP (f, -15.7% versus 36.9%, P < 0.01) and fecal
calprotectin (g, -36.5% versus 8.9%, P < 0.01) between the FMD and control arms.
a-e, Percentages of participants meeting the criteria for response. f,g, Mean
percentage change measured from baseline to after the third FMD cycle; error
bars represent standard error of the mean (s.e.m.). Pvalues were calculated

by Fisher’s exact test or chi-square test (a-e) or t-test (f,g); *P < 0.05,**P< 0.01.
FMD, fasting-mimicking diet; PRO, patient-reported outcomes; SIBDQ, short
inflammatory bowel disease questionnaire; CRP, C-reactive protein.
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Extended DataFig. 5| Downregulated pathways in FMD compared to control.
Features with fold change <1/1.5 (FMD versus control) underwent pathway
enrichment analysis using Reactome in MetaboAnalyst. Figure shows the top 20
downregulated pathways. Two-sided tests asimplemented in MetaboAnalyst;

P values were FDR-adjusted using the two-stage Benjamini-Krieger-Yekutieli
(BKY) procedure, with significance defined as q < 0.10. All pathways shown have
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FDR-adjusted P< 0.10. Dot size indicates the enrichment score, and the x-axis
represents statistical significance as —log1o(FDR). FMD, fasting-mimicking

diet; RAMD, random accelerator molecular dynamics; FDR, false discovery

rate; NF-kB, nuclear factor-k B; AP-1, activator protein 1; PG, prostaglandins; TX,
thromboxanes; LOX, lipooxygenases; COX-2, cyclooxygenase-2; EGFR, epidermal
growth factor receptor.
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