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Cellular NAD" depletion, altered tryptophan metabolism and gut
microbiome dysbiosis are associated with disease progression and
unfavourable clinical outcomes in COVID-19. Here, we show that
supplementing tryptophan metabolism with nicotinamide alleviates
COVID-19 symptoms. We evaluate a 4-week intervention with anovel
nicotinamide formulation (1,000 mg) in a prospective, double-blind,
randomized, placebo-controlled trialin 900 symptomatic outpatients with
PCR-proven COVID-19. In the primary analysis population of participants
atrisk for severe COVID-19, 57.6% of those receiving nicotinamide and
42.6% receiving placebo recover from their performance drop at week 2

(P=0.004). Nicotinamide is also beneficial for returning to normal activities
(P=0.009). Effects on gut metagenomic signatures parallel clinical efficacy,
suggesting that nicotinamide influences COVID-19-associated faecal
microbiome changes. After 6 months, responders to nicotinamide in acute
COVID-19 show fewer post-COVID symptoms than placebo responders
(P=0.010). No relevant safety signals are observed. Overall, our results show

that nicotinamide leads to faster recovery of physical performance and
modulates COVID-19-associated faecal microbiome changes.

COVID-19 remains alarge global disease burden, causing a substantial
lossinwork productivity evenin the post-pandemic phase. Respiratory
symptoms are often linked to asharp drop in physical performance and
theinability to perform normal activities. Despite astrong reductionin
overall mortality due to vaccination and antiviral treatments, there is
alarge unmet need for an effective, broad, symptomaticintervention.

Nicotinamide is required to generate oxidized nicotinamide
adenine dinucleotide (NAD), a coenzyme central to cellular energy

metabolism. However, NAD" availability is diminished in viral infec-
tions, particularly in COVID-19 (refs. 1,2). NAD* can be synthesized
fromthe essential amino acid tryptophan through a de novo pathway
inwhich the nicotinamide base is newly generated. Nicotinic acid, nico-
tinamide riboside and nicotinamide also serve as NAD" precursors in
enzymatic salvage pathways for NAD* regeneration. Cells continuously
synthesize NAD" because it functions both as a recyclable coenzyme
and asasubstrate for NAD*-consuming enzymes, for example sirtuins®.

A full list of affiliations appears at the end of the paper.
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Notably, elevated tryptophan catabolism, indicated by high levels
of kynurenine, an essential intermediate in the de novo NAD" synthe-
sis pathway, characterizes acute inflammation during SARS-CoV-2
infection*®. The degradation of tryptophan results from increased
activity of tryptophan-catabolizing enzymes, such as indoleamine
2,3-dioxygenase-1, and not only is associated with COVID-19 severity*®,
but also has been observed in other infectious diseases, including
community-acquired bacterial pneumonia’ and viral infections®’.
Additionally, tryptophan absorption depends on the presence of
angiotensin-converting enzyme-2 on the intestinal epithelium, which
isalso the entry point for SARS-CoV-2 (refs. 5,10).

COVID-19is closely linked to disruptions of the gut microbiome,
characterized by reduced microbial diversity and adecline inbeneficial
bacterial species” '*. These imbalances are associated with increased
inflammation and immune dysregulation, and are assumed to contrib-
ute to more severe disease outcomes, for example by licensingimmune
responses through microbe-derived metabolites™ ™.

We have previously shown that tryptophan supports gut micro-
biome homeostasis'® and that nicotinamide supplementation
exerts strong, microbiota-dependent anti-inflammatory effects
in a colitis model*". In mice, gut-targeted nicotinamide showed a
dose-dependent anti-inflammatory effect, surpassing the benefits of
systemic supplementation®. Given thatimpaired tryptophan cometab-
olismisassociated with gut microbial dysbiosis in people with COVID-
19 (ref. 17), topical nicotinamide might modulate the gut microbiome
and improve outcomes of SARS-CoV-2 infections, complementing its
systemic antiviral benefits"*.

Hence, we developed a pharmaceutical pH-dependent matrix
tablet formulation with ingredients approved for use inboth food and
pharmaceuticals (DRKS00023384, NCT05258474). This formulation
is designed to release nicotinamide in the lower small intestine and
colon, ensuring systemic supply of nicotinamide and targeting more
distal parts of the intestinal tract, including the microbiota.

This study reports the results of two randomized controlled tri-
als, a smaller pilot experiment (COVit-1; DRKS00021214) using con-
ventional nicotinamide tablets, and the larger COVit-2 trial, which
combined conventional and gut-targeted nicotinamide tablets in
outpatients within 7 days of testing PCR-positive for SARS-CoV-2.

Results

The 4-week intervention in the pilot trial COVit-1 indicated faster
restoration of physical performance (18 of 23 participants receiving
nicotinamide versus 12 of 23 in the control group at week 2) and time
to complete resolution of symptoms (Supplementary Section1). The
results provided the impetus for the COVit-2 trial, described in the fol-
lowing sections (details ontrial procedures and design are availablein
Extended Data Fig.1and Supplementary Section 3.1).

Screening of 7,013 individuals for COVit-2 resulted in randomiza-
tion of 900 participants (safety population: 448 assigned to nicoti-
namide, 452 to placebo). Of these, 867 received the investigational
product,and 500 (248 receiving nicotinamide, 252 placebo) qualified
for the risk factor intention-to-treat (RFITT) population for primary
analysis (Extended Data Fig. 2).

The analysis populations in COVit-2 were similar with respect to
demographicand clinical characteristics at baseline (intention-to-treat
(ITT) population, n = 867: Table 1; RFITT population, n =500: Supple-
mentary Table 3). A total of 97.1% of the participants in the ITT popu-
lation (n = 842) and 95.8% of those in the RFITT population (n=479)
completed the 4-week intervention period and the follow-up at week 6.
Only one participant left the trial between week 6 and the follow-up
after 6 months. The trial had a low drop-out rate (4.2% of the 500 par-
ticipants analysed in the RFITT population, with 479 completing the
6-week follow-up), and 98.5% of participants (472 of 479) finished the
full 6-week trial, adhering to the protocol. Although efficacy analy-
ses for acute COVID-19 had been planned to include only the RFITT

Table 1| Demographic and clinical characteristics of the
participants at baseline (ITT population)

Nicotinamide Placebo Total
(n=430) (n=437) (n=867)
Median age (range) at 37 (18-75) 38 (18-70) 37 (18-75)
randomization in years
Sex, no. of participants (%)
Male 166 (38.6) 179 (41.0) 345 (39.8)
Female 264 (61.4) 258 (59.0) 522 (60.2)
Race or ethnic group, no. of participants (%)
White 411(95.6) 2413 (94.5) 824 (95.0)
Other 18 (4.2) 24 (5.5) 42 (4.8)
Not reported 1(0.2) 0(0.0) 1(0.1)
Body mass index (BMI) 249+4.8 257+4.8 25.3+4.8
(mean+s.d.)
Risk factors for severe COVID-19, no. (%)
Age > 60years 22(5.1) 20 (4.6) 42 (4.8)
BMI > 30 and/or type 2 58(13.5) 73(16.7) 131(15.1)
diabetes
Cardiovascular 63 (14.7) 60 (13.7) 123 (14.2)
diseases, high blood
pressure or stroke
Asthma, chronic 41(9.5) 52 (11.9) 93(10.7)
obstructive pulmonary
disease or other chronic
lung disease
Current or former 165 (38.4) 171(39.1) 336 (38.8)
smoker
Other risk factors 21(4.9) 15 (3.4) 36 (4.2)
At least one risk factor 248 (57.7) 252 (57.7) 500 (57.7)

(RFITT population)

population, safety datawere obtained fromthe entire cohort (n =900).
Atthe 6-month follow-up, subgroups of participants at risk for develop-
ing post-COVID syndrome (PCS) and responders to the intervention
were analysedinaddition to the primary ITT population (Supplemen-
tary Section 3.4).

Efficacy

By week 2,110 of 191 participants with reduced physical performance
at baseline (57.6%) receiving nicotinamide and 80 of 188 participants
receiving placebo (42.6%) had recovered from their decline in physi-
cal performance (absolute difference, 15.04 percentage points; odds
ratio, 1.33;95% confidenceinterval,1.03t01.70; P= 0.004) (Fig.1aand
Extended Data Fig. 3). The number needed to treat was seven.

The trial also met the first of three prespecified key secondary
endpoints. By week 2, participants taking nicotinamide had recov-
ered their ability to perform normal activities significantly faster than
those taking the placebo (absolute difference, 0.45 scale points; 95%
confidenceinterval, 0.11t0 0.80; P=0.009) (Fig. 1b). The difference in
recovery fromsevere cough (absolute difference, 0.46 scale points; 95%
confidenceinterval,-0.02t0 0.94; P=0.057) (Fig.1c) was of borderline
statistical significance only in per-protocol participants (RFPP popula-
tion; P=0.049).For the third key secondary endpoint, the resolution of
fatigue, the observed difference did not achieve statistical significance
(Fig.1d). Only asmall number of participantsin both groups reported
severe fatigue at week 2 (as indicated by the descriptive statistics of
the SF-36 and FACIT-F questionnaires; Supplementary Tables 4 and 5).
Therefore, no additional endpoints were formally statistically tested,
although trends suggested greater effectiveness of nicotinamide
over placebo for shortness of breath (Fig. 1e) and the ‘physical role
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Fig. 1| Clinical endpoints. a, The primary endpoint (RFITT population) was a
significant difference in resolution of performance drop at week 2 in the 379
participants reporting the symptom at baseline (nicotinamide: n =191 (73
males, 118 females); placebo: n =188 (77 males, 111 females)). One hundred ten
participants responded to nicotinamide at week 2 (48 males, 62 females) and 80
to placebo (34 males, 46 females). Data are shown as relative frequency + s.d.
Two-sided Fisher’s exact test, adjusted for hierarchical testing. OR, odds ratio;
Cl, confidence interval. b-e, Secondary endpoints (RFITT population). Data
areshownasmean ts.e. (b,c) or relative frequency +s.d. (d,e). b, Significant
improvement in the ability to perform normal activities at week 2 in the 198
participants with baseline scores of >3 (nicotinamide: n =103 (41 males, 62
females); placebo: n =95 (34 males, 61females)): 3.07 + 0.12 with nicotinamide
(males:3.34 + 0.17, females: 2.89 + 0.16), 2.62 + 0.13 with placebo (males:

3.00 +0.19, females: 2.41 + 0.16). Two-sided t-test of contrast within a mixed
model for repeated measures (MMRM), adjusted for hierarchical testing.

¢, Improvement of cough at week 2 in the 77 participants with baseline scores

of >3 (nicotinamide: n = 44 (17 males, 27 females); placebo: n = 33 (8 males,

25 females)): 3.22 + 0.16 with nicotinamide (males: 3.31+ 0.21, females: 3.17 + 0.22),
2.76 + 0.18 with placebo (males: 3.09 + 0.31, females: 2.66 + 0.23). Two-sided
t-test of contrast within MMRM, adjusted for hierarchical testing. d, Among

the 397 participants reporting fatigue at baseline (nicotinamide: n =199

(82 males, 117 females); placebo: n =198 (78 males, 120 females)), 105 responded
tonicotinamide at week 2 (48 males, 57 females) and 96 to placebo (45 males,
51females). Two-sided Fisher’s exact test, adjusted for hierarchical testing.

e, Among the 182 participants reporting shortness of breath at baseline
(nicotinamide: n =92 (36 males, 56 females); placebo: n =90 (28 males,

62 females)), 56 responded to nicotinamide at week 2 (24 males, 32 females) and
37 to placebo (14 males, 23 females). Exploratory P value from two-sided, post-
hoc, unadjusted Fisher’s exact test: P= 0.012. Details regarding symptoms and
risk factors are available in Supplementary Tables 8 and 9 and Supplementary
Sections 3.2and 3.3.

functioning’subscale of the SF-36 questionnaire (Extended DataFig. 4).
Exploratory subgroup analyses of the primary and three key secondary
endpoints suggested that individuals with a history of lung disease or
smoking might specifically benefit from nicotinamide (Extended Data
Fig. 5), but there were no sex-dependent differences (Extended Data
Fig. 6 and Supplementary Tables 6-13). In exploratory sex-specific
analyses of symptomatic males and females in the RFITT population,
significant effects onrecovery from performance drop (inmales) and
improved ability to perform normal activities (in females), both at week
2, were retained despite the reduced sample sizes (Supplementary
Tables 8-13). Further data covering primary, secondary and explora-
toryendpointsare providedinthe Supplementary Sections 2.2and 2.3).

Metabolic response of the gut microbiome

To assess gut microbiota shifts induced by the intervention, we ana-
lysed longitudinal faecal samples using 16S rDNA phylogenomics
(n=70;280 samples) and metagenomics (n =18; 72 samples) across

four timepoints. Stool sampling was optional (details in the Supple-
mentary Section 3.5). No significant differences in participant charac-
teristics between intervention arms were observed (Supplementary
Tables16 and 17).

We first analysed compositional changes using phylogenomic
16S rRNA data (Fig. 2). Analysis of a-diversity (within-sample diversity)
did not show significant longitudinal or cross-sectional differences
(Fig. 2b and Supplementary Fig. 3), indicating that the richness and
evenness of the bacterial communities were not drastically affected
by the nicotinamide intervention. Between-sample diversity analysis
(B-diversity) revealed that there was a significant difference in partici-
pantsreceiving nicotinamide compared with those receiving placebo
(PERMANOVA on between-sample Aitchison distances for interven-
tion groups (R*= 0.015, false discovery rate (FDR) = 0.002)), but not
atbaseline (R*=0.018, FDR = 0.99); however, the effect size was small
(Fig. 2cand Supplementary Tables 18 and 19). Notably, the severity of
COVID-19 symptoms and assignment to the placebo intervention group
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were correlated in their effects onthe direction of B-diversity changes
(Fig. 2c). We used variance partition analysis® to assess how clinical
covariates (for example, age, sex or bacterial genera) influence gut
microbiome variation by intervention group. In this analysis, we found
that—despite the significant differences between study arms—the

contribution of individual taxa to shifts in 3-diversity was subtle, sug-
gesting considerable heterogeneity in the intervention effect at the
taxonomic level (Fig. 2d and Supplementary Table 20).

We next aimed to understand the underlying functional differ-
ences using metagenomic pathway profiling. First, we inferred the
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Fig. 2| Gut microbiome characterization in COVit-2 trial participants. a, Stool
samples from 88 participants were collected at baseline (week (W) 0), during
intervention (weeks 2 and 4; nicotinamide (NAM) or placebo) and at follow-up
(week 6). Cohortlincluded 35 participants per group (NAM: 25 females, 10
males; placebo: 24 females, 11 males), and cohort 2 included 9 participants

per group (NAM: 4 females, 5 males; placebo: 5 females, 4 males). Samples
underwent 16S rRNA (n =280) and shotgun metagenomics (n = 72) sequencing.
b, a-diversity analysis (Shannon index at amplicon sequence variant level) of 16S
rRNA data showed no significant (n.s.) differences across intervention groups
or timepoints (two-sided Wilcoxon rank-sum test; likelihood ratio test on linear
mixed-effect models; n per group is depicted below each box plot). Box plots
show the median (centre line), interquartile range (IQR, box), 1.5 x IQR (whiskers)
and outliers (points). ¢, Microbiota shifts (Aitchison distance, 16S rRNA) were
examined using constraint-based principal coordinates analysis in participants
with key COVID-19-related symptoms. Significant differences emerged between
nicotinamide and placebo at week 2 and week 4 (n = 45 per intervention;
PERMANOVA, R*=0.015, F,,=1.43,false discovery rate (FDR) = 0.002) but not

at baseline (week 0) (NAM: n =24; placebo: n=23; PERMANOVA, R?=0.018,

F,,=0.82,FDR=0.99; Supplementary Fig. 4). Dots indicate individual samples,
and arrows represent trajectories (baseline > week 2 > week 4). Ellipses show
sample distributions per intervention group (solid line: 70% confidence; dashed
line: 80% confidence; assuming multivariate normality). Black arrows show the
impact of key COVID-19-related symptoms, intervention and age on microbiota
dissimilarity, proportional to their correlation. Placebo and key COVID-19-related
symptoms had similar effects. FDR: Benjamini-Hochberg-corrected P values.

d, Variance partition analysis of the top 20 microbial genera that show highest
variation at week 2 and week 4 in the 16S data (n = 67 per intervention). The bar
plot shows the mean variance explained for the top 20 microbial genera, with
variance attributed to covariates including age (light green), body mass index
(BMI) (yellow), key COVID-19-related symptoms (red), fever at baseline (orange),
sex (dark green), intervention (purple) and residuals (grey). Prefixes in genus
labels denote higher taxonomic ranks: f_, family; p_, phylum. Only samples with
atleast 5,000 reads were included. For additional metagenomics-based variance
partition analyses at the taxonomical level, see Supplementary Fig. 7 and
Supplementary Table 21.

presence and abundance of microbial taxaand community functions
using the MetaPhlAn 3.0 and HUMANN 3.0 (ref. 22) from metagenomics
data. Wefound that, at week 2, the placebo group exhibited increased
microbial biosynthesis pathways for tryptophan, phenylalanine,
methionine and lysine, as well as enhanced redox and NAD"* salvage
pathways, compared with the nicotinamide group. This suggests a
relative deficiency in NAD* de novo and tryptophan biosynthesis in
participants receiving placebo, an effect prevented by nicotinamide
supplementation (Fig. 3 and Supplementary Table 22).

To further explore the potential influence of nicotinamide on
COVID-19-associated gut microbiota changes, we compared our cohort
with an independent gut microbiome dataset”. In that study, stool
samples were collected from patients hospitalized with mild or severe
COVID-19 and from uninfected matched control individuals. We ana-
lysed baseline and longitudinal samples from the public cohort toinfer
microbiome function, comparing key pathways altered by COVID-19
severity with those affected by nicotinamide versus placeboin our trial
(for details, see Supplementary Section 3.5). We found an overlap of
43 pathways, mainly involved in cofactor, amino acid and nucleoside
or nucleotide metabolism (Supplementary Fig. 8 and Supplementary
Table 23). These pathways showed similar effect sizes when comparing
healthy individuals versus those with COVID-19, and nicotinamide-
versus placebo-receiving participants in the COVit-2 trial (Fig. 4). This
finding suggests that nicotinamide intervention shifts the functional
potential of gut microbiomes of people with COVID-19 towards that of
healthy individuals, supporting the idea that nicotinamide protects
against microbiota dysbiosis linked to COVID-19.

Post-COVID syndrome

Thelow severity of COVID-19 in the trial was associated with alow rate
of PCS, as determined by the PCS score® at the 6-month follow-up.
The PCSscore ranges from 0 to 59, with higher valuesindicating more

severe PCS®. IntheITT population, only 47 participantsin the nicotina-
mide armandS5linthe placebo armreached the threshold for moderate
tosevere PCS*. The mean PCS score was 2.95 (s.d., 5.91) in the nicotina-
midearmand3.19 +6.55in the placebo arm (absolute difference, -0.24;
95% confidenceinterval,-1.1t0 0.61; P= 0.817). An exploratory analysis
focused on participants at risk for developing PCS (nicotinamide: PCS
score3.97 + 6.95; placebo: 4.81 + 7.84; absolute difference, -0.85; 95%
confidenceinterval,-2.4t0 0.69; P = 0.610) and on participants at risk
who had shown improvement in the primary endpoint or one of the
three key secondary endpointsinthe acute phase of the disease (Sup-
plementary Section 3.2). Inthe latter subgroup, a significant benefit of
nicotinamide was also observed in participants with PCS (nicotinamide:
n=48,PCSscore 8.33 + 0.84; placebo: n =57, PCS score 11.82 + 1.03;
absolute difference: -3.49; 95% confidence interval, —6.1to —0.86;
P=0.010) (Extended Data Fig. 7).

Safety

In the safety population, 1,798 adverse events (AEs) occurred in 317
(70.8%) of participants receiving nicotinamide, and 1,732 AEs occurred
in297 (65.7%) of participants receiving placebo (P = 0.115; Supplemen-
tary Table 25). Most AEs occurred early during the trial and were due to
the onset or worsening of COVID-19-related symptoms. Notably, there
were no significant differences between the two groupsin this regard.
Thus, these AEs are likely to have reflected the study set-up, with an
early recruitment of participants during the incremental phase of the
underlying infection. A trend towards a higher overall incidence of
cumulative gastrointestinal AEs in the nicotinamide arm (25.2% versus
17.7% with placebo; unadjusted P = 0.007; without single gastrointes-
tinal symptoms explaining this observation) is in line with the known
side-effect profile of nicotinamide, for which abdominal discomfort
has been described (AEs of special interest). These were mild and did
not require further treatment. Sixteen participants were examined

Fig. 3| The metabolic potential of the faecal microbial communities is
modified by nicotinamide. a, Heatmap of changes in significant amino-acid-
related pathways found during a cross-sectional comparison of nicotinamide
(NAM) versus placebo over time (n = 9 participants per group). There was an
increase in tryptophan biosynthesis in participants receiving placebo compared
with participants receiving nicotinamide at week 2. For each cell, colours
indicate the z-score of the pathway abundance per sample, asterisks denote the
significance of Benjamini-Hochberg-corrected P values (false discovery rate
(FDR) < 0.25), and prevalence represents the percentage of non-zero features
used inthe comparison. b, Longitudinal plot of the counts per million (CPM)
abundances of the tryptophan biosynthesis pathway (n =9 per group; two-sided
Wilcoxon rank-sum test, *P = 0.026, corrected for multiple comparisons).

¢, Longitudinal plot of the CPM abundances of the L-lysine biosynthesis pathway

(n=9 per group; two-sided Wilcoxon rank-sum test, *P = 0.014, corrected for
multiple comparisons). d, Heatmap of changes in significant cofactor, carrier
and vitamin-biosynthesis-related pathways found during a cross-sectional
comparison of nicotinamide versus placebo over time (n =9 per group). Similar
toa, colours of cells indicate the z-score of the pathway abundance per sample,
asterisks denote the significance of Benjamini-Hochberg-corrected P values
(FDR < 0.25) and prevalence represents the percentage of non-zero features
used in the comparison. e, Longitudinal plot of the CPM abundances of the NAD*
salvage pathway (n =9 per group; two-sided Wilcoxon rank-sum test, *P = 0.024,
corrected for multiple comparisons). f, Longitudinal plot of the CPM abundances
of the menaquinol-6 biosynthesis pathway (n = 9 per group; two-sided Wilcoxon
rank-sum test, *P = 0.013, corrected for multiple comparisons). Box plots show
the median (centreline), IQR (box), 1.5 X IQR (whiskers) and outliers (points).
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in an emergency department but were not hospitalized, seven were
hospitalized (one with low-flow oxygen) and none died. All serious
AEs were classified as unlikely to be related to the intervention, and
their frequencies were highly similar between the two groups (Sup-
plementary Tables 26-29).

Discussion

COVID-19is characterized by its large impact on health-related qual-
ity of life through a substantial symptom burden involving reduced
physical performance, aninability to perform normal activities, airway
symptoms and fatigue®. In the prospective, double-blind, randomized,
placebo-controlled COVit-2 trial, we found that an intervention with
nicotinamide (1,000 mg) ina combination of ileocolonic and systemic
exposure leads to faster recovery from main COVID-19 symptoms. By
week 2, recovery from reduced physical performance was 57.6% with
the nicotinamide intervention and 42.6% with placebo intervention,
resulting in anumber needed to treat of seven.

Thebinary primary endpoint ‘performance drop’—akey symptom
of COVID-19—affects people with the disease regardless of their disease
course and physical fitness*?. It has been widely documented, despite
variability in its measurement”, as amultifactorial and sensitive metric
for detecting impairments reported by individuals with COVID-19. The
closely related key secondary endpoint ‘ability to perform normal
activities’and the secondary endpoint ‘shortness of breath’ support the
validity of the measure. Notably, not all secondary endpoints, including
resolution of fatigue by FACIT-F, were met, but FACIT-F is not validated
for use in post-viral sequelae. Although return to work could not be
measured owingto the prevailing quarantine regulations at the time of
thetrial (thatis, taking participants out of contact until full recovery),
we suggest that afaster regain of physical performance would also have
translated into restoration of work productivity.

Our trialisinline with other observations showing that ‘real world’
mild-to-moderate COVID-19 results in a low frequency of clinically
relevant PCS. However, in our population, we demonstrate a contin-
ued benefit of the intervention in participants at risk for developing
PCS who had shown improvement while taking nicotinamide during
acute COVID-19.

The COVit-2 trial recruited outpatients on the basis of SARS-CoV-2
test results through a network of laboratories. Although the recruit-
ment strategy provided insights into ‘real world’ COVID-19 during a
period when virtually all infections were caused by the Alpha (B.1.1.7)
and Delta (B.1.617.2) variants of SARS-CoV-2 in Germany, it also resulted
inapopulation with mild-to-moderate disease according to the World
Health Organization’s scale of COVID-19 severity®. Therefore, hospitali-
zation rates were low (seven participants), and progression to severe

COVID-19 was observed in only one individual. Fatigue was generally
mild and transient, with most participants in both trial arms having
already returned to normal at week 2, which is in line with a recent,
large and representative sample from the healthy German population
(FACIT-F: 43.5 + 8.3)%. Therefore, we regarded performance drop,
despite its multifactorial nature, as a better endpoint than fatigue
to measure the effects of early interventions in mild-to-moderate
COVID-19.

In the COVit-2 population, AEs occurred in approximately 68%
of participants. Most AEs occurred early and were due to the onset or
worsening of COVID-19 symptoms. Notably, there was no significant
difference in the overall frequency of AEs between the nicotinamide
and placebo groups. Thus, these AEs are likely to reflect the study
set-up, which involved early recruitment of participants during the
incremental phase of COVID-19. Although nicotinamideis a vitamin that
is generally recognized as safe and has a tolerable upper intake level
0of 900 mg day™, our findings suggest that ileocolonic delivery result-
ing in high mucosal exposure does not substantially alter the known
side-effect profile.Indeed, a phase I study including serial ileocolonos-
copiesinhealthy participants (DRKS00023384, NCT05258474) did not
find any mucosalirritation. Importantly, nicotinamide has no known
substantial interactions with other drugs that might be administered
totreat severe COVID-19.

Nicotinamide, a NAD' precursor, has key functions in metabo-
lism and cellular immunity, for example in enabling the function of
poly-ADP-ribosyltransferases (PARPs) and suppressing viral replica-
tionininfected cells"*. SARS-CoV-2 infection disturbs PARP expression
patterns and depletes cellular NAD" levels, which compromises anti-
viral defence*?°. The antiviral properties of nicotinamide have been
described for diverse viruses, including human immunodeficiency
virus®’. Various publications on COVID-19 pathophysiology have sug-
gested that nicotinamide and related substances should be examined
as anintervention to replenish NAD"in COVID-19 (refs.1,20,31).

Our analyses of faecal microbiota changes align with findings
from other studies® * reporting acomplex dysbiosis associated with
COVID-19. Although we observed only subtle shifts and higher het-
erogeneity in microbial taxa, itisimportant to note that many studies
focused onsevere cases, in which microbiotaalterations are influenced
by factors such as antibiotic use and invasive procedures’®. Notably, our
finding that microbiota changes are more pronounced at the functional
level than in terms of gut taxonomic shifts is supported by another
study investigating milder COVID-19 cases”. It also highlights the con-
cept of ‘functional microbiota guilds, which exhibit consistent func-
tional signals despite considerable taxonomic heterogeneity between
individuals®®. Preclinical studies clearly demonstrate the importance of

Fig. 4 | Differences in the functional potential of the gut microbiota between
nicotinamide- versus placebo-receiving COVit-2 trial participants and
healthy controls versus people with mild or severe COVID-19. a, Venn
diagram showing 43 overlapping pathways between the COVit-2 trial cohort
(green) and the public dataset from Essex et al". (purple) among 220 significant
pathways (false discovery rate (FDR) < 0.25).b, PYRIDNUCSAL-PWY pathway
(NAD' salvage pathway I) activity in healthy controls and patients with mild

or severe COVID-19 (from ref. 17), and longitudinal samples (week (W) 0-6)
from nicotinamide (NAM)- and placebo-receiving COVit-2 trial participants.
The pathway was enriched in severe COVID-19 and in placebo participants.
pnuE, NAD* pyrophosphatase; pncA, nicotinamidase; pncB, nicotinate
phosphoribosyltransferase; nadD, nicotinate-nucleotide adenyltransferase;
nadE, NAD" synthetase; Pi, phosphate; PPi, pyrophosphate. ¢, Differential
pathway abundance plot for cofactor, carrier and vitamin biosynthesis
pathways, comparing nicotinamide-receiving or healthy individuals
(NAM/healthy) with placebo-receiving individuals or patients with mild or severe
COVID-19 (placebo/mild/severe), respectively. d, PWY-5838 (superpathway of
menaquinol-8 biosynthesis) abundances, enriched in the placebo and

severe groups. €, PWY-6151 (S-adenosyl-L-methionine cycle I) abundances is
enriched in nicotinamide-receiving individuals and in healthy individuals over

time. f, Differential pathway abundance plot for nucleotide biosynthesis and
degradation pathways, showing enriched pathways in NAM/healthy versus
placebo/mild/severe groups. g, PWY-6609 (adenine and adenosine salvage III)
abundances, enriched in the nicotinamide-receiving and healthy groups.

h, Differential pathway abundance plot for amino acid biosynthesis pathways,
showing pathways enriched in NAM/healthy versus placebo/mild/severe groups.
i, PWY-5097 (L-lysine biosynthesis VI) abundances, enriched in the NAM, healthy
and mild groups. Dot plots (c, f, h) represent significantly different pathways
from MaasLin2 output (Supplementary Section 3.5), where log,(fold change (FC))
indicates enrichmentin NAM/healthy (negative values) or placebo/mild/severe
(positive values) groups. Symbol size reflects the number of samples in which
the pathway was detected (N.not.zero), and the FDR significance is shown in the
colour gradient. Box plots (b, d, e, g, i) show the median (centre line), IQR (box),
1.5 xIQR (whiskers) and outliers (points) of counts per million (CPM) abundance
of pathways across healthy (n =15), mild (n =15) and severe (n = 8) groups from
Essex etal.”, as well as nicotinamide (n = 9) and placebo (n = 9) groups from
COVit-2 (two-sided Wilcoxon rank-sum test, *P < 0.05, **P < 0.01, corrected for
multiple comparisons). Right panelsinb, d, e, g and i show metabolic maps and
key genes of the pathways.
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the gut-lungaxis in shaping protective immunity against respiratory
infections, for example through circulating short-chain fatty acid levels
(reviewedinref.5). Furthermore, evidence hasbeen presented that the
application of other gut microbiota-modulation principles, for exam-
ple probiotics, mightimprove COVID-19 outcomes®. Our observation
of gut microbiota shifts was derived from arepresentative, yet smaller,
subcohort of the COVit-2 trial population, and might reflect both direct
andindirect effects of nicotinamide, for example through modulation
of the immune response or altered gut motility"*. Although we can-
not definitively establish a causal relationship, our observations of
intervention-induced functional shifts in the gut microbiota following
administration of placebo versus nicotinamide, particularly in relation
tothe healthy-mild-severe COVID-19 trajectory (for example,inamino
acid and energy metabolic pathways) in a second cohort of patients
with COVID-19 (ref. 17), support the hypothesis that nicotinamide
might exert a beneficialimpact through local intestinal mechanisms.
Neither the observed effects on the microbiota nor the clinical effects
were statistically different between non-smokers and smokers, the lat-
ter of whom might have systematic long-term metabolic adaptations
affecting both host and microbiome systems*®*.

Thetrial has several limitations. Owing to the recruitment period,
participants were almost exclusively infected with the Alpha (B.1.1.7)
and Delta (B.1.617.2) variants. The remote nature of the trial and the
quarantinerules did not allow us to measure lung function parameters
and work-activity profiles. Given that we did not expect different results
invaccinated individuals and sought to minimize the need to account
for additional covariates (for example, number of vaccinations, vac-
cine type), the COVit-2 trial, like many other studies, included only
non-vaccinated participants, even as vaccines gradually became avail-
able. Although we cannot formally exclude the notion that SARS-CoV-2
variants or vaccination could have aninfluence on the observed effects,
we anticipate from the general nature of the underlying distortionin
NAD*-tryptophan homeostasis that our results could be extrapolated
to other scenarios, for example current virus variants. Conclusions
about PCS are limited because severe PCS cases were rare in the trial.

The clinical efficacy observed in the larger COVit-2 trial, which
involved both conventional and gut-targeted nicotinamide release,
aligns with the findings of the pilot trial COVit-1in 56 participants.
In COVit-1, differences between conventional nicotinamide tablets
and an inactive comparator were, however, larger. The recruitment
strategy for COVit-1, which involved physician practices instead of
diagnosticlaboratories, might have resulted inaparticipant population
with more severe disease and higher rates of fever and pain than the
cohortin COVit-2. Weintentionally selected acombined intervention
approach (conventional and gut-targeted) to provide acomprehensive
evaluation of nicotinamide’s effects while ensuring baseline systemic
availability. We acknowledge that this approach limits our ability to
draw direct conclusions about the standalone effects of the novel
gut-targeted formulation. Nevertheless, both the pilot study and the
COVit-2trial showed similar signatures of efficacy with regard to physi-
calfitness in daily life.

Given that the metabolic mechanisms affected by nicotinamide
arerather general, we anticipate that the findings from COVit-2 might
also relate to other tryptophan-wasting conditions, including res-
piratory infections with other viruses or bacteria’”’. Moreover, lower
levels of tryptophan might independently predict disease severity
and short-term adverse outcomes not only in COVID-19 (refs. 4,6),
but also in other settings such as community-acquired pneumonia’,
and might identify people that could benefit from an intervention
with nicotinamide.

Inconclusion, we demonstrate the efficacy of nicotinamide admin-
istration to alleviate physical performance drop, a key symptom of
COVID-19, which aligns with previous observations of NAD* deple-
tioninviral infections, as well as tryptophan degradation and altered
host-microbial cometabolism as asystemic phenomenoninacute and

chronic inflammation'** Further trials and mechanistic studies are
needed to differentiate between systemic and gut-targeted delivery
routesto firmly establish distinct clinical efficacy and clarify the precise
mechanisms of action of the two routes.

Methods
Participants
The protocol (Supplementary Section 5), including all amendments,
was approved by the Ethics Committee of the Medical Faculty of Kiel
University (file reference A107/20), and all participants provided
informed consent before any study procedures (see below). COVit-1
and COVit-2 wereregistered at the World Health Organization primary
registry German Clinical Trials Register (DRKS00021214); COVit-2
was additionally registered at ClinicalTrials.gov (NCT04751604). In
the COVit-1trial, 56 outpatients with early symptomatic COVID-19
in domestic quarantine were recruited between 6 April 2020 and 28
January 2021, and 900 outpatients were enrolled into the COVit-2 trial
between1February 2021 and 17 January 2022. Participants were com-
pensated for their time according to the ethics committee’s approval
(up to 265.00 € for interviews and questionnaires, up to 50.00 € for
stool samples and up t0 120.00 € for blood samples). Vaccinated indi-
viduals were excluded to avoid confounding (for example, by inho-
mogeneous vaccination schedules or selection by age groups that
received preferential access to vaccines). Self-reported demographics,
including sex assigned at birth (male or female) or the gender option
‘diverse’ (not selected by any participant), were collected at screening.
Owingtothelack of evidence for asex-specific effect of nicotinamidein
COVID-19 or similar infections, neither sex nor gender were specifically
consideredinthe designofthetrial, but were analysed in an exploratory
fashion. No analysis of viral subtypes was performed, but with respect
to population epidemiology in Germany, participants were almost
exclusively infected by the wild-type virus in the COVit-1 trial and by
the Alpha (B.1.1.7) or Delta (B.1.617.2) virotypes in the COVit-2 trial**.
For COVit-1, participants were recruited through outpatient facili-
ties surrounding the University Hospital Schleswig-Holstein, whereas
screening for COVit-2 was performed using diagnostic laboratories
at 71sites in Germany (Supplementary Section 3.1). Inclusion criteria
for the overall population were >18 years of age, arecent SARS-CoV-2
infection (<7 days after first positive test) and at least one symptom
of COVID-19 on the day of randomization (Supplementary Section
3.2). Most participants reported five or more symptoms at baseline.
Symptom load and the number of risk factors were similarin both trial
armsand over thetrial period (Supplementary Section 3.3). Exclusion
criteria were current participation in another interventional study,
pregnancy, breast-feeding and current or anticipated hospitalization.
Inclusionintotheacute RFITT primary-analysis population additionally
required at least one risk factor for severe COVID-19 (Supplementary
Section 3.4). At the 6-month follow-up, the ITT group was the primary
analysis population, in which subgroups of participants at risk for
developing PCS and responders to the intervention were further ana-
lysed (Supplementary Section 3.4).

Randomization, masking and trial procedures

The trials were performed remotely owing to the contact restrictions,
which were in place during the trial time period. For details on trial
procedures and design, see Supplementary Section 3.1. Participants
provided electronic written informed consent, which was confirmed
by telephone. Whereas COVit-1recruited participants through adver-
tisements, COVit-2 identified candidates by contacting all patients
who received a positive SARS-CoV-2 test result at 71 sites operated by
German diagnostic laboratory service providers. After confirming
eligibility, participants were computer-randomized and received the
interventional product and paper questionnaires (SF-36 and FACIT-F),
delivered by next-day courier. Eligible participants were randomly
assigned in a 1:1 ratio to daily self-administration of either 1 g day™
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nicotinamide (500 mg immediate-release nicotinamide and 500 mg
controlled-ileocolonic-release nicotinamide (CICR-NAM, Setamer®))
or matched placebo tablets in identical primary and secondary
packaging, taken with breakfast for 4 weeks. Tablets were formally
released by the pharmacy of the trial sponsor, the University Hospital
Schleswig-Holstein (Kiel, Germany). The intervention received by
a participant was not disclosed to personnel involved in the study;
personnel responsible for clinical supply and safety were unblinded.
Participants and personnel involved with participant care remained
blinded throughout the study, including the 6-month follow-up. Partici-
pants underwent structured telephone interviews at weeks 2,4 and 6, as
well as 6 months after baseline. Optional stool samples were collected
from participants by mail (Supplementary Section 3.5).

Clinical outcomes

The original primary clinical outcome of COVit-1was the rate of hospital
admission for a minimum of 24 h of continuous oxygen therapy. Sec-
ondary endpointsincluded the rates of machine ventilation, intensive
careand death, as well as time to resolution of symptoms (Supplemen-
tary Section 1). Owing to the results of the pilot experiment, COVit-2
focused on participant-reported COVID-19 symptom burden in the
acute primary analysis RFITT population (ITT participants with at least
onerisk factor for severe COVID-19; Supplementary Section 3.4). The
primary endpoint was restoration of physical performance at week 2.
Key secondary endpoints were an improvement of the ability to per-
form normal activities, resolution of cough and resolution of fatigue
atweek 2. Allendpoints were tested in participants with the respective
symptoms at baseline. Prespecified subgroup analyses were performed
for key risk factors. At the 6-month follow-up, the main outcome was
PCS determined by a previously established PCS score, which was
derived and validated in a large and prospective German cohort*.
For the complete list of outcomes and for details on trial populations,
see Supplementary Sections 3.2 and 3.4.

Gut microbiome analyses

In COVit-2, 16S rDNA phylogenomic and metagenomic analyses were
performedtoinvestigate the effects of nicotinamide on gut microbial
community composition and on functional metabolic capabilities
of the colonic microbiome stratified by pathways, gene families and
enzyme categories. Stool samples from 88 participants (70 participants
for 16S and 18 participants for metagenomics) were analysed at week
0 (baseline), weeks 2 and 4 (exposure to nicotinamide or placebo) and
week 6 (follow-up). For a detailed description of methods and refer-
ences, see Supplementary Section 3.5.

Safety

The safety populationincluded all randomized participants. AEs were
classified into preferred terms and summarized using MedDRA version
25.1. These AEs were reported in participant interviews conducted
after baseline and through ad hoc reports from participants request-
ing medical consultation until week 6. Serious AEs were recorded by
structured interview queries, with follow-up if necessary. All hospi-
talizations and emergency-room visits were recorded. Serious AEs
related to the underlying disease were evaluated according to the World
Health Organization’s COVID-19 scale®®. For the safety analysis of the
intervention, symptoms reported during the course of the study that
were not present at baseline or were increased in severity were listed,
and their frequency was compared between the nicotinamide and
placebo groups using unadjusted Chi-square or Fisher’s exact tests.

Primary statistical analysis

COVit-1lincluded 56 outpatients recruited from the referral network
of the University Hospital Schleswig-Holstein and served to establish
the rationale for the larger study, COVit-2. Statistics were descrip-
tive because the study was a pilot trial (Supplementary Section 1).

The results of the COVit-1 pilot trial were kept separate from those of
the maintrial, COVit-2. Statistical analysis was conducted inthe blinded
dataset by a third-party provider with established clinical trial statistics
expertise (Novustat).

The COVit-2 trial enrolled 900 participants, following the
sample size assumptions detailed in Supplementary Section 3.6.
A pre-planned futility analysis was conducted by the Data Manage-
ment Board after 400 participants had been recruited (Supplemen-
tary Sections 3.6 and 6). The full analysis set (the ITT population)
included all participants who received at least one dose of nicoti-
namide or placebo. The RFITT population was defined as all partici-
pantsinthelTT population with at least one symptom, demographic
characteristic or underlying medical condition that was previously
associated with an increased risk of developing severe COVID-19.
The respective per-protocol populations, PP and RFPP, excluded
those who dropped out or failed to comply with the investigational
productintake for at least 80% of the study duration (Supplementary
Section 3.4). In the RFITT population, each analysis regarding reso-
lution or improvement of a symptom was performed only for those
participants who reported the respective symptom at baseline. In
case of ordinal queries (Supplementary Section 3.2), participants with
severe symptoms (a value of >3) at baseline were selected for analy-
sis. For the FACIT-F and SF-36 questionnaires, only those with severe
complaints (baseline values < median) were included in the analyses.

Baseline characteristics were summarized according to trial group
and overall, with the use of descriptive statistics for continuous and
categorical measures.

Primary and confirmatory secondary binary endpoints were ana-
lysed by assessing changes from baseline for all weeks within each
intervention group, compared using the Cochran-Mantel-Haenszel
test. Post hoc analyses for each week were calculated using Fisher’s
exacttest, with Benjamini-Hochberg adjustment for multiple testing.
The Woolfe test was performed to test for homogeneity of odds ratios
across time. If significant Pvalues were obtained from the Woolfe test,
the Cochran-Mantel-Haenszel test would not be appropriate. In this
case, Fisher’s exact tests for each timepoint were used instead of the
Cochran-Mantel-Haenszel test. A continuity correction was applied
for zero frequencies.

Continuous secondary outcomes (scales, SF-36 and FACIT-F)
were analysed with the use of a mixed model for repeated measures
(MMRM), with the change from baseline at each of the three scheduled
post-baseline time points (2,4 and 6 weeks) as the dependent variable
and baseline value, intervention group, time and time-intervention
interaction asindependent variables (Supplementary Section 6). Sta-
tistical methods that do not involve imputation, such asthe MMRM or
the Chi-square test, were used for the analyses. The use of the MMRM
model assumes implicitly that data are missing at random.

For time-to-event analyses, a Kaplan-Meier approach was used.
Thelog rank test was performed to test whether time to event differed
betweenintervention groups. A Cox proportional-hazards model was
used to evaluate and estimate the impact of the intervention group.
The assumption of proportional hazards was analysed before the
model was applied.

The reliability of the FACIT-F and SF-36 questionnaires was
assessed using Cronbach’s alpha coefficient (a > 0.80) for internal
consistency and item-to-total correlations exceeding 0.20. The aver-
age variance extracted was calculated to assess discriminant validity.

We applied multivariable generalized linear models, using a bino-
mial family with a log link for binary endpoints and a Gaussian family
for endpoints measured on ascale of complaints, to assess theimpact
of sex. Treatment, change frombaseline, baseline value, sex and treat-
ment-time and treatment-sex interactions were considered as inde-
pendent factors. Sex-specific subgroup analyses were performed
as part of the exploratory analyses. Odds ratios and 95% confidence
intervals were calculated for binary endpoints, and Hedges’ g effect
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sizes including 95% confidence intervals were calculated for ordinal
scales of complaint. Additional analyses were performedin accordance
with the analyses of the entire RFITT population.

We assessed normality using the Shapiro-Wilk test as well as histo-
grams, and homogeneity of variances using Levene’s test. The results of
these tests confirmed that the assumptions of the statistical tests were
met. No data points were excluded from the analyses, as we also used
MMRM and generalized linear models, which account for all available
data without explicit exclusions. Detailed descriptions of the study
populations for specific analyses are available in the statistical analysis
plans (Supplementary Sections 6 and 7).

Allstatistical analyses were performed with the use of R software
(RFoundation for Statistical Computing, 2021) version 4.1.2 or higher.
For further details on the statistical analyses, see Supplementary
Sections 3.5,3.6,6 and 7.

Exploratory statistical analysis of occurrence of PCS

For the 6-month follow-up, the PCS score” served as the primary effi-
cacy variable and was compared between the intervention groups
using a t-test or a nonparametric Mann-Whitney U test. Subgroup
analyses were performed to further define responders in defined risk
groups. For further details on the statistical analyses, see Supplemen-
tary Section 7.

Quality-control measures

Blinded (recruiters, interviewers, study physicians, statisticians, tech-
nicians and scientists for microbiome analysis) and unblinded (study
material distribution, safety) personnel were strictly separated. All per-
sonnel completed documented formal monitored training on trial pro-
cedures, and delegationlogs were adapted from good-clinical-practice
guidelines. Guided standard operating procedures were regularly
retrained, and detailed instructions for participants wereimplemented
to ensure the validity of assessing participant-reported outcomes
through structured telephone interviews (Supplementary Sections
3.1and 3.2).Key interview questions were redundant, and source data
entry into the database was monitored. SARS-CoV-2 test results were
verified. Compliance was surveyed by remote tablet count duringeach
interview and through specific questions (Supplementary Section 3.1).
Side effects were queried and coded according to MedDRA Version
25.1(seeabove).

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

Data availability

The COVit-1pilot trialand the COVit-2 main trial were preregistered with
adatasharingstatementatthe WHO primary registry German Clinical
Trials Register (DRKS00021214). COVit-2 was additionally registered
with ClinicalTrials.gov (NCT04751604). The trial protocol and statisti-
cal analysis plans are available in the Supplementary Information. The
microbiome sequencing reads have been deposited and are available
at ENAunder the accession code PRJEB61276 (last accessed on11 March
2025). The taxonomic classification of 16S rRNA data, performed using
the SILVA database (version 138) is publicly available at Zenodo**:
https://zenodo.org/records/6395539 (last accessed on11 March2025).
Clinical dataare not available for download owing privacy law accord-
ing to the European Union’s General Data Protection Regulation (EU
GDPR) and ethical restrictions. Specific requests by academicresearch-
ers for access to clinical data can be addressed to the corresponding
author. These data include individual deidentified participant data
and data sorted by sex and diversity. On the basis of such a request
including a detailed analysis plan, access might be provided, subject
to a decision of the Ethics Committee of the Medical Faculty of Kiel
University to ensure compliance with privacy laws, data protection and

requirements for consent and anonymization. Requests will be consid-
ered fromthe date of publication of this article. It is expected that data
canbeobtained within 90 days after the eventual ethics vote. Data will
be available for ten years. Source data are provided with this paper.
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Extended Data Fig. 1| Design of the COVit-2 trial. Details on trial procedures and design are available in Supplementary Section 3.1.
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| 7013 Patients were assessed for eligibility |
6113 Were excluded
- 4390 Did not meet inclusion criteria
Y 1723 Declined to participate
| 900 Underwent randomization |
448 Were assigned to receive nicotinamide 452  Were assigned to receive placebo
430 Received nicotinamide 437 Received placebo
18 Did not receive nicotinamide 15 Did not receive placebo
(reason: withdrawal from the trial) (reason: withdrawal from the trial)
448 Analysed in safety population 452  Analysed in safety population
430 Analysed in ITT population (413 in PP) 437  Analysed in ITT population (418 in PP)
248  Analysed in RFITT population (efficacy) 252  Analysed in RFITT population (efficacy)
236 Analysed in RFPP population 237  Analysed in RFPP population
416  Completed 6-week follow-up (ITT) 426  Completed 6-week follow-up (ITT)
14 Decided to withdraw from the trial 11 Decided to withdraw from the trial
0 Were lost to follow-up 0 Were lost to follow-up
236 Completed 6-week follow-up (RFITT) 243 Completed 6-week follow-up (RFITT)
235 Completed 6-week follow-up (RFPP) 237 Completed 6-week follow-up (RFPP)
T T
1 | | 1
T 1 Acute COVID-19 I T
1 1
6-month follow-up 6-month follow-up
416  Completed 6-month follow-up (ITT) 425 Completed 6-month follow-up (ITT)
0 Decided to withdraw from the trial 1 Decided to withdraw from the trial
0 Were lost to follow-up 0 Were lost to follow-up
173  Completed 6-week follow-up (ITT 188 Completed 6-week follow-up (ITT
patients at risk for developing PCS) patients at risk for developing PCS)
f Post-COVID syndrome |

Extended Data Fig. 2| CONSORT diagram for COVit-2.ITT, intention-to-treat; rejection of the trial by the subject, or vaccination against SARS-CoV-2. Refusal of
PP, per-protocol; RFITT, participants with at least one risk factor for severe potential subjects to participate occurred during the multi-step registration and
COVID-19; RFPP, participants from RFITT with per-protocol compliance. verification process, usually after they had fully understood the comprehensive
The mainreasons for exclusion of screened subjects were exceedance of the requirements of the trial. Reasons for withdrawal from the trial were mostly non-
7-day time window after the first positive PCR test, complete lack of symptoms, compliance and worsening of COVID-19.
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100
A=15.0%
OR 1.33
95% CI 1.03-1.70
P=0.004
75

n

Improvement vs. baseline (% events)

50
25
@ Nicotinamide
@ Placebo
0
Baseline Week 2 Week 4 Week 6
Extended Data Fig. 3| Primary endpoint: resolution of performance drop n=188[77 males, 111 females]). One hundred ten participants responded to
inthe RFITT population from baseline to week 6. A significantly different nicotinamide at week 2 (48 males, 62 females) and 80 participants to placebo
resolution of performance drop was seenin the 379 participants reporting the (34 males, 46 females). Graphs represent relative frequency + s.d. Two-sided
symptom at baseline (nicotinamide: n=191[73 males, 118 females]; placebo: Fisher exact test, adjusted for hierarchical testing.
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a Improvement in physical role functioning (SF-36)
(RFITT population, baseline value < median)

50

A=9.25

P=0.06

n

25

Improvement vs. baseline (scores)

Week 2

Baseline

Nicotinamide: n=123
Placebo: n=119

95% CI -0.39-18.89

@ Nicotinamide
@ Placebo

Week 4 Week 6

b Improvement in physical role functioning (SF-36)
(ITT population, baseline value < median)

M

Improvement vs. baseline (scores)

Baseline Week 2
Extended Data Fig. 4 | Physical role functioning (SF-36 questionnaire) from
baseline to week 6. a, Primary analysis population RFITT. b, ITT population.
For details on trial populations, see Supplementary Section 3.4. Only subjects
with severe complaints (baseline values < median) were included in the analyses
(RFITT: nicotinamide: n =123 [49 males, 74 females], placebo: n =119 [45 males,
74 females]; ITT: nicotinamide: n=207 [79 males, 128 females], placebo:
n=209[74 males, 135 females]. Graphs represent mean + s.e. Two-sided t-test

of contrasts within a mixed model for repeated measures, adjusted for multiple

50 Nicotinamide: n=207
Placebo: n=209
A =856
95% CI 1.27-15.84
P=0.02
25

@ Nicotinamide
@ Placebo

Week 4 Week 6
timepoints. The questions from SF-36 V 1.0 related to physical role functioning
were as follows: ‘During the past 4 weeks, have you had any of the following
problems with your work or other regular daily activities as a result of your
physical health? Cut down the amount of time you spent on work or other
activities; accomplished less than you would like; were limited in the kind of
work or other activities; had difficulty performing the work or other activities
(forexample, it took extra effort)”.
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a Odds Ratio for Performance drop
Subgroup No. of Patients (%) Odds Ratio Lower Cl Upper CI
RFITT symptomatic 379 (100) } 1.33 1.03 1.7
Age

>= 60 years 33(9) > 1.55 0.68 3.55

<60 years 346 (91) i 1.31 1.01 1.71
Body mass index

>=30.0 99 (26) e 0.7 0.44 1.12

<30.0 280 (74) > 1.66 1.23 2.24
Type 2 diabetes

yes 6(2) [ — 5 0.43 57.83

no 373 (98) - 1.32 1.03 1.7
High blood pressure

yes 62 (16) - 0.67 0.37 1.21

no 317 (84) ——> 1.59 1.2 21
Stroke

yes 3(1)

no 376 (99) i 1.35 1.05 1.74
Other cardiovascular diseases

yes 36 (9) — 0.46 0.21 1.01

no 343 (91) —— 1.53 117 2
Asthma, chronic obstructive pulmonary
or other chronic lung diseases

yes 77 (20) > 0.97 2.87

no 302 (80) H=— 0.88 1.56
Current or former smokers

yes 249 (66) > 1.88 1.37 2.58

no 130 (34) = 0.71 0.47 1.08

| |
0 05 1 15 2

C Mean Deviation for Cough
Subgroup No. of Patients (%) Mean Deviation Lower CI Upper ClI
RFITT symptomatic 77 (100) Fat 0.461 -0.015  0.937
Age

>= 60 years 9(12) L | 0.624 -0.931 2179

<60 years 68 (88) = 0.367 -0.139  0.873
Body mass index

>=30.0 24 (31) —— 0.087 -0.905 1.079

<30.0 53 (69) = 0.632 0.088 1.176
Type 2 diabetes

yes 2(3)

no 75 (97) - 0.409 -0.076  0.894
High blood pressure

yes 17 (22) e 0.224 -0.977 1.425

no 60 (78) e 0.538 0.014 1.062
Stroke

yes 1(1)

no 76 (99) = 0.507 0.026 0.989
Other cardiovascular diseases

yes 7(9) e -0.447 -1.804  0.909

no 70 (91) = 0.556 0.05 1.062
Asthma, chronic obstructive pulmonary
or other chronic lung diseases

yes 17 (22) —— 1.503 0.424 2.581

no 60 (78) - 0.061 -0.469  0.592
Current or former smokers

yes 50 (65) - 0.305 -0.269 0.879

no 27 (35) = 0.785 -0.171 1.741

rrrrrrr
2-10 1 2

b

Mean Deviation for Ability to perform normal activities

Subgroup No. of Patients (%) Mean Deviation Lower Cl Upper CI
RFITT symptomatic 198 (100) e 0.455 0.113  0.798
Age

>= 60 years 12 (6) e -0.206 -1.521 1.108

<60 years 186 (94) = 0.494 0.138 0.85
Body mass index

>=30.0 44 (22) —— 0.525 -0.325 1.374

<30.0 154 (78) = 0.405 0.032 0.777
Type 2 diabetes

yes 3(2)

no 195 (98) e 0.477 0.133 0.822
High blood pressure

yes 38 (19) e 0.138 -0.706  0.983

no 160 (81) = 0.533 0.158 0.908
Stroke

yes 0 (0)

no 198 (100) el 0.455 0.113 0.798
Other cardiovascular diseases

yes 19 (10) e 0.281 -0.994 1557

no 179 (90) e 0.482 0.127 0.837
Asthma, chronic obstructive pulmonary
or other chronic lung diseases

yes 45 (23) | 0.37 0522 1.262

no 153 (77) = 0.37 0.011 0.729
Current or former smokers

yes 137 (69) = 0.501 0.088 0.914

no 61 (31) = 0.317 -0.317  0.952

| o |
-15-05 05115

d 0Odds Ratio for Fatigue
Subgroup No. of Patients (%) Odds Ratio Lower Cl Upper CI
RFITT symptomatic 397 (100) e 0.82 1.35
Age

>= 60 years 32(8) . 0.8 0.34 1.86

<60 years 365 (92) Ha—f 1.09 0.83 1.41
Body mass index

>=30.0 105 (26) —— 1.08 0.68 1.72

<30.0 292 (74) e 1.01 0.75 1.37
Type 2 diabetes

yes 6(2) ——> 433 0.54 34.88

no 391 (98) = 1.03 0.8 1.34
High blood pressure

yes 70 (18) e 0.89 0.5 1.56

no 327 (82) i 1.1 0.84 1.48
Stroke

yes 4(1)

no 393 (99) e 1.07 0.83 1.38
Other cardiovascular diseases

yes 35 (9) = 0.38 0.16 0.86

no 362 (91) ] 1.18 0.9 1.55
Asthma, chronic obstructive pulmonary
or other chronic lung diseases

yes 76 (19) —— 117 0.68 2.01

no 321 (81) - 0.99 0.74 1.32
Current or former smokers

yes 269 (68) i 1.23 0.91 1.67

no 128 (32) = 0.75 0.48 117

| I |

0 05 1 15 2

Extended Data Fig. 5| Subgroup analysis of primary and key secondary
endpoints in the RFITT population at week 2. a, Resolution of performance
drop (primary endpoint). The number of participants indicates those
included in the analysis due to the presence of performance drop at baseline.
b, Improvement in the ability to perform normal activities (first key secondary
endpoint). The number of participants indicates those included in the analysis
due to the presence of a sufficiently severe reduction in the ability to perform
normal activities (a value of >3 on the 6-point complaint scale) at baseline.

¢, Improvement in cough (second key secondary endpoint). The number of

participants indicates those included in the analysis due to the presence of
asufficiently severe cough (a value of >3 on the 6-point complaint scale) at
baseline. d, Resolution of fatigue (third key secondary endpoint). The number
of participants indicates those included in the analysis due to the presence

of fatigue at baseline. For details regarding symptoms and risk factors, see
Supplementary Sections 3.2-3.4. Forest plot graphs represent odds ratios

(a, d) or mean deviations (b, ¢) and the respective lower/upper 95% confidence
intervals (CI).
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a
Resolution of "—4—'
performance drop
at week 2 —
Resolution of fatigue
at week 2
0.1 1.0 10.0
Odds ratio and 95% CI - RFITT total RFITT female -+ RFITT male
b
Improvement in the —_—t
ability to perform normal
activities at week 2 t
Improvement of cough ;
at week 2 .
-1.0 -0.5 0.0 0.5 1.0 1.5
Hedges’ g and 95% Cl - RFITT total RFITT female -+ RFITT male
Extended Data Fig. 6 | Sex-specific analysis of primary and key secondary b, Complaintscale. Forest plot graphs represent Hedges’ g and lower/upper CI.
endpoints in the RFITT population at week 2. a, Binary symptoms. Forest plot Improvement in the ability to perform normal activities: nicotinamide: n=103
graphs represent odds ratios and the respective lower/upper 95% confidence (41 males, 62 females); placebo: n =95 (34 males, 61 females). Improvement of
intervals (CI). Resolution of performance drop: nicotinamide: n=191 (73 males, cough: nicotinamide: n =44 (17 males, 27 females); placebo: n=33 (8 males,
118 females); placebo: n =188 (77 males, 111 females). Resolution of fatigue: 25 females). The number of participants indicates those included in the analysis
nicotinamide: n=199 (82 males, 117 females); placebo: n=198 (78 males, dueto the presence of asufficiently severe reduction in the ability to perform
120 females). The number of participants indicates those included in the analysis normal activities or a sufficiently severe cough (a value of >3 on the 6-point
due to the presence of performance drop or fatigue at baseline, respectively. complaint scale) at baseline, respectively.
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Nicotinamide Placebo

Extended Data Fig. 7| 6-month follow-up for post-COVID syndrome (PCS) in
responders to nicotinamide in the acute phase who were at risk for developing
PCS. The box plots depict the PCS scores of 105 participants at risk for developing
PCS with a PCS score >0, who had shown improvementin the primary endpoint or
one of the three key secondary endpoints in the acute phase of the disease
(nicotinamide: n =48 [19 males, 29 females]; placebo: n =57 [15 males,

42 females]). The median PCS score was 6.5 (quartile [Q]1:3.5,Q3:11.0) in
participants who had received nicotinamide (males: 6.5 [3.5;11.5], females:

6.5[3.5;11.0]) and 10.5(Q1:5.5,Q3:17.0) in participants who had received placebo
(males:10.5[5.25;11.0], females: 10.75[6.5;17.0]). The mean PCS score t s.e.

was 8.33 + 0.84 with nicotinamide (males: 8.37 +1.34, females: 8.31 +1.09) and
11.82 +1.03 with placebo (males: 9.67 +1.37, females: 12.60 +1.29). Box plots show
the median (center line), interquartile range (IQR, box), 1.5x IQR (whiskers) and
outliers (points). The means (red points) + standard error (red whiskers) are
shown within the box. Two-sided, unadjusted t-test for independent groups.
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TOFU-MAaPO; last accessed on 11-Mar-2025; relies on the bioBakery 3 environment9 [MetaPhlAn 3.0 and HUMANN 3.0]); MetaCyc v26.1
(https://metacyc.org/; last accessed on 11-Mar-2025); phyloseq (v.1.40.0); vegan (v.2.6-2); MAasLin2 (v.1.10.0); Ime4 package in R (v1.1-34);
variancePartition15v.1.26.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The COVit-1 pilot trial and the COVit-2 main trial were preregistered with a data sharing statement at the WHO primary registry German Clinical Trials Register




(DRKS00021214). COVit-2 was additionally registered with ClinicalTrials.gov (NCT04751604). The trial protocol and statistical analysis plans are available in the
Supplement with publication. The microbiome sequencing reads are deposited and available at ENA under the accession code PRIEB61276 (https://www.ebi.ac.uk/
ena/browser/view/PRIEB61276; last accessed on 11-Mar-2025). The taxonomic classification of 165 rRNA data performed using the SILVA database (version 138) is
publicly available at Zenodo: https://zenodo.org/records/6395539 (last accessed on 11-Mar-2025). Clinical data are not available for download due to privacy law
according to the European Union’s General Data Protection Regulation (EU GDPR) and due to ethical restrictions. Specific requests by academic researchers for
access to clinical data can be addressed to the corresponding author. These data include individual de-identified participant data and data sorted by sex and
diversity. Based on such a request including a detailed analysis plan, access may be provided subject to a decision of the Ethics Committee of the Medical Faculty of
Kiel University (Kiel, Germany) to ensure compliance with privacy laws, data protection and requirements for consent and anonymization. Requests will be
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Research involving human participants, their data, or biological material
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Reporting on sex and gender Demographics including sex assigned at birth (male/female) or the gender option ‘diverse’ (not selected by any patient) were
collected at screening as reported by the patient. Due to the lack of evidence for a sex-specific effect of nicotinamide in
COVID-19 or similar infections, neither sex nor gender were specifically considered in the design of the trial, but analysed in
an exploratory fashion. Exploratory subgroup analyses of the primary and three key secondary endpoints showed no sex-
dependent differences.

Reporting on race, ethnicity, or ' Race or ethnic group (white/other/not reported) were collected at screening as reported by the patient. No analyses based

other socially relevant on this grouping were performed.
groupings
Population characteristics Symptomatic outpatients with acute COVID-19 (inclusion within 7 days after testing PCR-positive for SARS-CoV-2 infection)

were the intention-to-treat population (ITT). Among these, the primary efficacy population were patients with at least one
risk factor for severe COVID-19 (RFITT). The randomized allocation of patients ensured a comparable influence of potential
confounders in both groups. A comparison of all baseline characteristics between the two treatment groups revealed no
relevant imbalances. Consequently, the models were analyzed without additional adjustment for confounders. Examined
baseline characteristics included age, gender, pre-existing conditions, and medication use.

Recruitment Patients were recruited through 24 independent diagnostic laboratory service providers with a total of 71 sites all over
Germany. All patients who tested positive in the recruitment period at the laboratory sites were contacted together with the
transmission of their laboratory results. Patients volunteered their identity to the recruitment center and after verification of
key data including the referring laboratories and key inclusion criteria such as the test date, patients received the
personalized patient information and a participation code, and could give informed consent on a secure trial website.
Subsequently, they were contacted via telephone to check all inclusion and exclusion criteria and explain the informed
consent. While a certain self-selection bias applied due to the ability of the subjects to swallow tablets, provide informed
consent via the internet and talk to interviewers on the phone, the prospective, double-blind, randomized, placebo-
controlled structure of the trial makes it highly unlikely that any bias should have significantly affected the results of the trial.

Ethics oversight Ethics Committee of the Medical Faculty of Kiel University, Kiel, Germany (file reference A107/20).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size Data available from the literature available at the beginning of the COVit-2 trial and results of the COVit-1 pilot trial (see section 1 of the
Supplement) suggested that 40% of symptomatic patients with COVID-19 become symptom-free during the spontaneous course of the
disease within two weeks. An increase of the event rate of becoming symptom-free to 50% (relative risk 1.25) through the use of
nicotinamide at a 5% level of significance and 80% power resulted in a required sample size of at least 385 patients per group (for details, see
section 6 of the Supplement). With an assumed drop-out rate of 10%, 420 patients per group (assigned in a 1:1 ratio) were to be included.
Based on the results of the futility analysis after 400 patients, the Data Management Board (DMB) of the COVit-2 trial recommended (1) to
keep the previously planned sample size of approximately 840 patients and (2) to base the efficacy analysis on patients with at least one risk
factor for developing severe COVID-19 (RFITT, see section 3.4 of the Supplement). To ensure that the subpopulation recruited after the futility
analysis also included an adequate proportion of such patients, the frequencies of risk factors were monitored in a blinded manner and 900
patients were recruited as a safeguard against possibly increased dropout rates. The Principal Investigator and the blinded trial team
members remained blinded until the end of the trial and received only the recommendation of the DMB.
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Data exclusions  All data were analysed according to the SAPs without exclusions.

Replication The results of the large, powered COVit-2 trial reproduced the exploratory findings of the COVit-1 pilot trial. Experimental results for
microbiome analyses were generated using established SOPs (see section 3.5 of the Supplement). There were no findings suggesting a lack of
reproducibility.

Randomization  Eligible patients were randomly assigned in a 1:1 ratio, by means of a randomization code in the trial database.

Blinding Blinded (recruiters, interviewers, study physicians, statisticians, technicians and scientists for microbiome analysis) and unblinded personnel
(study material distribution, safety) were strictly separated.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Plants

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration | The COVit-1 pilot trial and the COVit-2 main trial were preregistered with a data sharing statement at the WHO primary registry
German Clinical Trials Register (DRKS00021214). COVit-2 was additionally registered with ClinicalTrials.gov (NCT04751604).

Study protocol See section 5 of the Supplement.

Data collection The trials were performed remotely due to the contract restrictions which were in place during this time period. For details on trial
procedures and design, see section 3.1 of the Supplement. Patients in the COVit-1 pilot trial were recruited between 06 April 2020
and 28 January 2021, and patients in the main COVit-2 trial were recruited between February 1, 2021, and January 17, 2022. The
molecular data were generated from stool samples received from trial participants at the Institute of Clinical Molecular Biology (Kiel
University and University Hospital Schleswig-Holstein, Kiel, Germany).

Outcomes The original primary clinical outcome of COVit-1 was the frequency of hospital admission in order to receive at least 24 h of
continuous oxygen therapy, and secondary endpoints included frequencies of machine ventilation, intensive care, death as well as
time to resolution of symptoms (for details, see section 1 of the Supplement). Due to the results of the pilot experiment, COVit-2
focused on the COVID-19-related patient-reported symptom burden in the acute primary analysis population RFITT (intention-to-
treat patients with at least one risk factor for severe COVID-19; section 3.4 of the Supplement). The primary endpoint was restoration
of physical performance at week 2. Key secondary endpoints were an improvement of the ability to perform normal activities,
resolution of cough, and resolution of fatigue at week 2. All endpoints were tested in patients suffering from the respective
symptoms at baseline. Prespecified subgroup analyses were performed for key risk factors. At the 6-month follow-up, the main
outcome was post-COVID syndrome (PCS) determined by a previously established PCS score, which was derived and validated in a
large and prospective German cohort. For the complete list of outcomes and for details on trial populations, see sections 3.2 and 3.4
of the Supplement, respectively.
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Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Describe-any-atthentication-procedtres foreach seed stock tised-ornovel-genotype generated-—Describe-any-experiments-tised-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

>
Q
L
C
=
(D
5,
o)
=
o
=
-
@
S,
o)
=
>
@
wv
e
3
=
QO
=
A




	Nicotinamide modulates gut microbial metabolic potential and accelerates recovery in mild-to-moderate COVID-19

	Results

	Efficacy

	Metabolic response of the gut microbiome

	Post-COVID syndrome

	Safety


	Discussion

	Methods

	Participants

	Randomization, masking and trial procedures

	Clinical outcomes

	Gut microbiome analyses

	Safety

	Primary statistical analysis

	Exploratory statistical analysis of occurrence of PCS

	Quality-control measures

	Reporting summary


	Acknowledgements

	Fig. 1 Clinical endpoints.
	Fig. 2 Gut microbiome characterization in COVit-2 trial participants.
	Fig. 3 The metabolic potential of the faecal microbial communities is modified by nicotinamide.
	Fig. 4 Differences in the functional potential of the gut microbiota between nicotinamide- versus placebo-receiving COVit-2 trial participants and healthy controls versus people with mild or severe COVID-19.
	Extended Data Fig. 1 Design of the COVit-2 trial.
	Extended Data Fig. 2 CONSORT diagram for COVit-2.
	Extended Data Fig. 3 Primary endpoint: resolution of performance drop in the RFITT population from baseline to week 6.
	Extended Data Fig. 4 Physical role functioning (SF-36 questionnaire) from baseline to week 6.
	Extended Data Fig. 5 Subgroup analysis of primary and key secondary endpoints in the RFITT population at week 2.
	Extended Data Fig. 6 Sex-specific analysis of primary and key secondary endpoints in the RFITT population at week 2.
	Extended Data Fig. 7 6-month follow-up for post-COVID syndrome (PCS) in responders to nicotinamide in the acute phase who were at risk for developing PCS.
	Table 1 Demographic and clinical characteristics of the participants at baseline (ITT population).




