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Metformin, awidely used first-line treatment for type 2 diabetes (T2D), is

known to reduce blood glucose levels and suppress appetite. Here we report
asignificant elevation of the appetite-suppressing metabolite N-lactoyl
phenylalanine (Lac-Phe) in the blood of individuals treated with metformin
across seven observational and interventional studies. Furthermore, Lac-Phe
levels were found torise in response to acute metformin administration and
post-prandially in patients with T2D or in metabolically healthy volunteers.

Metforminis prescribed to over 150 million people worldwide and acts
toreduce blood glucose?and weight>*in patients with type 2 diabetes
(T2D). Despiteits widespread use, the exact mechanisms underlyingits
therapeutic effects remain incompletely understood®. At higher con-
centrations, metformin caninhibit complex1oftheelectron transport
chain®. However, there is uncertainty regarding whether the physi-
ological concentrationreachedinthebody is sufficient for this inhibi-
tion®. Certain tissues, particularly the intestines, may exhibit targeted
inhibition of complex 1, reflecting a reported 30-300 times higher
metformin concentration compared to the bloodstream®. Although
otherbiguanide class drugs, such as phenformin, raised concerns over
lactic acidosis’, the association of metformin with this condition is
exceptionally rare. Lactate levels have been shown to increase in T2D
cohorts with metformin use, but the effect is not universal (see ref. 8
forareview).Ithasbeenreportedthatlactateisincreasedinthe portal
vein, which drains from the gastrointestinal tract, in response to met-
formin®°. The impact of metformin on weight loss is attributed to its
appetite-suppressing properties, although the mechanismsinvolved
aresstillunclear. Metformin-induced increases in the hormone GDF15
were proposed to mediate appetite suppression'?, but recent findings
have challenged whether thisisthe only or, indeed, the mostimportant
mechanism involved®.

N-lactoyl phenylalanine (Lac-Phe) is a metabolite generated
by the peptidase carnosine dipeptidase 2 (CNDP2)", which enzy-
matically fuses lactate and phenylalanine. Lac-Phe was recently

shown to be an appetite suppressor when administered to obese
mice and was correlated to weight loss in humans engaged in regular
exercise®. In humans, Lac-Phe was also reported to increase with
intense exercise'*", in phenylketonuria'* and in mitochondrial dis-
ease (MELAS)'®. However, whether Lac-Phe might contribute to the
appetite-suppressing activities of metformin treatment has not been
investigated.

In the present study, serum samples were collected from 33 vol-
unteers at Brigham and Women’s Hospital, comprising lean non-T2D,
lean pre-T2D, obese non-T2D, obese pre-T2D and obese T2D volunteers
(Fig. 1a). Untargeted metabolomic profiling was performed using
ultra-high-performance liquid chromatography-tandem mass spec-
troscopy (UPLC-MS/MS), quantifying 1,168 serum metabolites. These
data show a marked increase in all measured N-lactoyl amino acids in
obese T2D volunteers compared to obese non-T2D volunteers (Fig. 1b).
Theseincreases were not related to the body mass index (BMI) of indi-
viduals but, rather, to T2D. Curiously, N-lactoyl amino acids are not
commonly reported in metabolomic datasets; only three studies out of
2,621inthe online repository Metabolomics Workbench report Lac-Phe
measurements. It transpires that N-lactoyl amino acids were misla-
belled in metabolomic studies. For instance, a recent study detected
increasesin N-lactoylamino acidsin asubgroup of T2D volunteers, but
N-lactoyl amino acids were erroneously reported as 1-carboxyethyl
amino acids". Other studies simply report Lac-Phe as unknown com-
pound X-15497 (Extended Data Table 1).
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Fig.1|Elevated serum Lac-Phe in patients with T2D. a, Distribution of 33
non-diabetic (non-T2D), pre-diabetic (pre-T2D) and diabetic (T2D) participants
inthe Brigham and Women’s Hospital cohort study. b, Volcano plot comparing
metabolomes of obese non-T2D (n =11) and obese T2D (n = 8) individuals.
Significantly upregulated (blue) and downregulated (red) metabolites are
shown, and N-lactoyl amino acids are highlighted. ¢, Lac-Phe levels in non-T2D
(n=21), pre-T2D (n=4) and T2D (n = 8) individuals (*P = 0.0198 and ****P < 0.0001;
NS, non-significant). d, Spearman’s rank correlation between Lac-Phe and

Lac-Phe (a.u.)

N-lactoyl-tyrosine (Lac-Tyr) in the total Brigham and Women'’s Hospital cohort
(n=33).Graphshows mean linear regression with 95% confidence intervals.

e, Lac-Pheinnon-T2D (n=5,876) and T2D (n =162) individuals from the TwinsUK
cohort (****P<0.0001). Dataare mean + s.d. (c); violin plot with median (dashed
line) plus maximum and minimum quartiles (dotted line) (e). Data were analysed
using two-tailed Student’s t-test (b,e) or one-way ANOVA with Dunnett’s post test
(c). Brigham cohort, Brigham and Women'’s Hospital cohort.

Giventheinteresting properties of Lac-Phe as an appetite suppres-
sor”, we focused on this particular N-lactoyl amino acid. These data
show that Lac-Phe levels were 5.7-fold higher in obese T2D individuals
compared to obese non-T2D control volunteers (Fig. 1c). A significant
increase was also observed between obese T2D and pre-diabetic indi-
viduals (Fig. 1c). Lac-Phe concentrations tightly correlated with levels
of other N-lactoyl amino acids (Fig. 1d). To support these findings, the
serum metabolomic data from the extensive TwinsUK cohort were
investigated™. This dataset, consisting predominantly of middle-aged
female participants, provided over 2,000 individual metabolic profiles
withover 6,000 serum samples collected from1997 to 2012 (Extended
DataFig.1). Inthis cohort, Lac-Phe levels were also increased in volun-
teers with T2D (Fig. 1e). Considering the prevalence of metformin use
in individuals with T2D, we considered whether the serum levels of
Lac-Phe were linked with metformin treatment. Interestingly, there was
astrong correlation between Lac-Phe and metformin concentrations
(Spearman’s p = 0.76) among individuals with T2D in the Brigham and
Women'’s Hospital cohort (Fig. 2a). Although metformin use was an
inclusion criterion forthe T2D volunteersinthis particular study,in one
volunteer’s sample metforminwas not detected, and this coincided with
thelowest observed Lac-Phe measurement (Fig. 2a). It emerged that this
volunteer had actually discontinued taking metformin. These dataled
usto hypothesize that theincreased Lac-Phein the serum ofindividuals
with T2D might be driven by metformin rather than T2D itself.

The TwinsUK dataset offered a unique opportunity to test this
hypothesis, as it could be used to observe metabolic changes over
time. Each volunteer had provided three serum samples between

1997 and 2012, with an average of 6.5 years between blood draws. This
was a period where metformin’s role in T2D management expanded
considerably. These datacanbeusedtotracethetrajectory of Lac-Phe
levels in volunteers whose T2D and metformin status changed over
time (Fig. 2b). Volunteers newly diagnosed with T2D and starting met-
formin treatmentexhibited asignificantelevationinLac-Phelevels.In
contrast, those newly diagnosed with T2D but notinitiating metformin
therapy did not show a significant change in Lac-Phe levels (Fig. 2b).
Similarly, among volunteers consistently diagnosed with T2D over
successive blood draws, the introduction of metformin treatment
led to a substantial rise in Lac-Phe levels. In contrast, volunteers who
remained with T2D but did notinitiate metformin therapy did not show
asignificant change in Lac-Phe levels (Fig. 2b). Indeed, comparative
analysis of individuals with T2D who were either taking metformin
or not on this medication revealed that among the most significantly
increased metabolites were the two N-lactoyl amino acids, Lac-Phe
and N-lactoyl-valine (Fig. 2c). When the metadata of T2D volunteers
were analysed to see what factors best correlated to Lac-Phe levels,
we discovered that metformin treatment was the most significant fac-
tor, ahead of ‘years since T2D diagnosis’ and ‘BMl score’ (Fig. 2d). This
provided further evidence that starting metformin treatment leads to
higher serum Lac-Phe levels.

To establish a causal link between metformin treatment and ele-
vated Lac-Phelevels, datafromtwo previously published interventional
studies were analysed.Ina2019 Danish study” (NCT01729156), patients
withrecent-onset T2D who were over 50 years of age and BMI-matched
non-diabetic controls, with 12 volunteers in each group, underwent
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Fig.2|Metformin treatment increases serum Lac-Phe. a, Spearman’s rank
correlation between metformin and Lac-Phe levels in obese T2D individuals
(n=8) for the Brigham and Women’s Hospital cohort. Graph shows mean
linear regression with 95% confidence intervals. One volunteer (highlighted
withanarrow) had stopped taking their metformin medication. b, TwinsUK
volunteers provided three serum samples, with an average of 6.5 years between
samples. Paired data are shown for volunteers whose T2D status changed and/
or who commenced metformin treatment between samples (***P=0.0002 and
****P < 0.0001; NS, non-significant). ¢, Volcano plot comparing metabolomes
in T2D volunteers with (n = 71) and without (n = 91) metformin treatment.
Metabolites significantly upregulated (blue) and downregulated (red) with
metformin treatment are shown, and N-lactoyl amino acids and metformin
arelabelled.d, Spearman’s rank correlation in T2D samples (n =162) versus
non-metabolite metadata (Years T2D, years since T2D diagnosis; Non-fasted,
volunteer had eaten within 6 h of sample collection; >5yr T2D, more than
Syears since T2D diagnosis; BMI, body mass index of volunteer; VitC in serum,
ascorbate detected in metabolomics; Age at diagnosis, age when volunteer

Baseline “36 h

(Metformin)

received a T2D diagnosis). e, Comparison of amino acid (AA) and N-lactoyl-
amino acid (N-lactoyl-AA) levels after a12-week metformin intervention,

relative to pre-treatment levels, in a 2019 Danish study (NCT01729156). Fold
increases for patients with recent-onset T2D and age/BMI-matched non-T2D
controls (n =12 per group) showing five separate AAs and the corresponding
N-lactoyl-AA; phenylalanine (circle), tyrosine (square), valine (hexagon), leucine
(triangle) and isoleucine (diamond) (*P < 0.05).f, Lac-Phe levels (relative to
baseline) over 36 h after a single oral dose of metforminin astudy involving 26
young healthy male volunteers. Lac-Phe values measured before the maximum
metformin concentration (Cmax) in the serum, at the Cmax and after the Cmax.
Afinal sample was taken 36 h after dosing (**P = 0.0086, ***P=0.0005 and

****p < (0.0001). Data are individual data points (a,f), individual paired data points
(b) and mean values (e). Data were analysed using two-way ANOVA with Fisher’s
LSD post test (b), two-tailed Student’s t-test (c), Welch’s two-sided Student’s ¢-test
(e) and one-sample t-test against a theoretical value of 1 (f). Brigham cohort,
Brigham and Women’s Hospital cohort.
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Fig. 3 |Feeding increases serum Lac-Phe concentrations. a,b, Lac-Phe levels
inT2D volunteers with (a) or without (b) metformin treatment (sample sizes
indicated) and under fasted (blue bars) and non-fasted (red bars) conditions,
where volunteers had eaten within 6 h (*P=0.034). ¢, Lac-Phe levels 30 min
before and 1 h after astandardized MMT involving non-T2D (n =10), pre-T2D
(n=10) and T2D (n =10) volunteers. Each volunteer completed the test on three
separate days, resulting in a total of 90 paired samples (n =30 for each group)
(***P<0.0001).d, Lac-Phe levels after a volunteer’s habitual meal (n = 24) or
high-fat meal (n = 48), relative to fasted levels, in 24 overweight/obese sedentary
men. Serum samples were taken before breakfast and approximately 45 min
after dinner (****P < 0.0001). e, Lac-Phe levels after feeding with liquid glucose or

dates. Left, Khalas date nutritional information is given for reference. Twenty-
one participants undertook three separate dietary challenges, consuming either
aglucose solution (OGTT, n =21) or ten fruits of the Deglet Nour (n = 21) or Khalas
(n=20, one volunteer did not participate) date varieties. Blood samples were
collected before intake and at intervals up to 120 min afterward. Lac-Phe levels
were normalized to fasting levels. The AUC is shown. Data are violin plots with
median (dashed line) plus maximum and minimum quartiles (dotted line) (a,b),
individual paired data points (c), mean (dotted line) and individual data points
(d) and mean + s.e.m. (e). Data were analysed using two-sided Student’s t-test
(a,b), two-way ANOVA with Sidak’s post test (c) or Tukey’s post test (e) or one-
sample t-test against a theoretical value of 1 (d).

12 weeks of metformintreatment. Serum metabolomics was performed
before and after the 12-week intervention. Although no difference was
observed in the levels of phenylalanine, tyrosine, valine, leucine and
isoleucine in the serum of either T2D or non-T2D groups, there were
clear and significant increases in the corresponding N-lactoyl amino
acids, including Lac-Phe (Fig. 2e). Post-treatment untargeted metabo-
lomic analysis measured amore than 80%increasein Lac-Phelevelsin
both groups (Fig. 2e). Indeed, even acute metformin treatment leads
toincreased Lac-Phe levels. A Jordanian study” gave 26 young healthy
men a single oral dose of metformin and performed non-targeted
metabolomic analysis over the course of 36 h. Levels of Lac-Phe quickly
increased alongside those of metformin, with a peakin serum Lac-Phe
observed corresponding to the maximum concentration observed
(Cmax) of metformin (Fig. 2f). Taken together, these interventional
studies that encompassed both long-term and acute metformin dos-
ing provide compelling evidence that metformin treatment induces
elevated serum Lac-Phelevels.

It would be interesting to investigate the impact of other
appetite-suppressing T2D drugs on Lac-Phe levels, focusing on

GLP-1receptor agonists, dual GIP-GLP-1 receptor agonists and triple
glucagon-GIP-GLP-1 agonists in development?. Although suitable
metabolomics datasets on GLP-1and dual GIP-GLP-1receptor agonists
were notavailable to us, we did analyse a cohort study*” where glucagon
was administered to healthy volunteers. In contrast to the increase in
Lac-Phelevels seen with metformin, glucagon administration resulted
in reduced Lac-Phe (Extended Data Fig. 1). This observation aligns
with glucagon’sknownrolein stimulating gluconeogenesis, for which
lactateis akey substrate.

When TwinsUK T2D volunteer metadata were analysed, we also
noticed that there was a high correlation between Lac-Phe levels and
being ‘Non-Fasted’ (Fig. 2d). It is well established that lactate levels
increase after eating, and so we were intrigued to investigate whether
the highly elevated Lac-Phe levels in metformin-treated T2D indi-
viduals were impacted by the feeding or fasting state. In the Twin-
sUK cohort, although most samples were collected under fasted
condition, there was a subset of T2D samples from individuals who
had eaten within 6 h of sample collection. When the data for fed and
fasted metformin-treated T2D individuals were interrogated, a trend
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toward increased Lac-Phe levels was observed in the fed volunteers
(Fig. 3a). Although, overall, the Lac-Phe levels were lower in volun-
teers who were not taking metformin, significantly higher Lac-Phe
was observedinfed rather than fasted volunteers, arguing that serum
Lac-Phe levels are controlled by food intake (Fig. 3b). Given Lac-Phe’s
appetite-suppressing properties, we speculated that its elevation
post-meal could act as a feedback mechanism in appetite regulation.
Analysis of data from a 2020 interventional study further substanti-
ated these findings®. The study involved T2D, pre-diabetic and meta-
bolically healthy volunteers, with ten individuals per group. For the
T2D group participants who were on metformin, the medication was
paused the night before each of the study days. Onthree separate days
within al-month period, each group underwent a mixed-meal test—a
liquid meal replacement shake plus a solid protein bar—resulting in
90 instances where metabolite levels were assessed before and after
feeding. Lac-Phe stood out as one of the metabolites with the most sig-
nificant response to foodintake. In all 90 cases, a post-prandialincrease
inLac-Phelevels was observed, withanaverageincrease of186%1 h after
meal consumption (Fig. 3c). Given that volunteers were sampled on
three separate occasions within a single month, this provided aunique
opportunity to assess inter-individual differences in Lac-Phe levels.
We examined the consistency of individual Lac-Phe levels across these
three sampling points. Individuals had consistent baseline Lac-Phe and
post-prandial Lac-Phe across these three visits (Extended Data Fig. 2).
The variation between the three visits by eachindividual accounted for
only 0.08% of the total variationin the study (Extended DataFig.2). Mul-
tiple factors could contribute tointer-individual differences inbaseline
Lac-Phe levels. Such observations suggest the existence of distinct
Lac-Phe setpoints amongindividuals. A2021 Australianinterventional
cohort study* provided additional evidence of Lac-Phe’s response to
varying dietary challenges. This study involved 24 overweight/obese
sedentary men who underwent assessments on different days under
distinct dietary regimes. Serum samples were collected for metabo-
lomic analysis before breakfast and after dinner, where the dinner
was either their standard habitual diet or a high-fat diet. The results
were striking, showing a greater than 160% increase in Lac-Phe levels
bothin participants who consumed their standard meal and in those
consuming high-fat meals (Fig. 3c). These data suggest that Lac-Phe
levelsincrease with diverse types of diet. Notably, inall cases above, the
volunteers consumed asolid component in their meal. To test whether
aliquid diet also induced Lac-Phe levels, the data were analysed from
volunteers before and after consuming either liquid sugar (glucose)
orsugar-rich date fruits. These datawere from a2018 nutritional chal-
lenge study conducted in Qatar®. In this study, 21 healthy volunteers
underwent plasma metabolomic assessments after the consump-
tion of either Khalas or Deglet Nour date fruits or, alternatively, oral
glucose. Notably, the composition of dates is predominantly sugars
with minimal protein content and a small amount of fibre (Fig. 3d).
Eachvolunteer took partin three separate dietary challenges, spaced
aweek apart, involving the consumption of either ten date fruitsor a
glucose drink. Blood samples were collected at baseline and at inter-
vals of 30 min, 60 min, 90 min and 120 min after intake. Lac-Phe levels
increased over 220% in response to both date fruit varieties (Fig. 3e).
In contrast, the response to the liquid glucose challenge, although
significant, was considerably lower, with only a37%increasein Lac-Phe
levels measured. This differential response suggests that Lac-Phe’s
regulatory role in appetite might vary between solid and liquid meal
intakes, potentially offering new insights into how different food forms
impact hunger signalling. Our analysis conclusively demonstrates that
Lac-Phe levels consistently rise after meals, a finding evident in both
observational and interventional studies.

In conclusion, our study demonstrates that metformin, a
well-tolerated drug with an excellent safety record, increases Lac-Phe
levels. Another paper published in parallel with this work®® shows
that Lac-Phe is increased in both mice and humans upon metformin

treatment. The authors experimentally demonstrate, using CNDP2
knockout mice, that metformin inhibits complex 1in the intestines,
causing increased Lac-Phe levels, which contributes to metformin’s
appetite-suppressing role. Our present work confirms and extends
their results, demonstrating that Lac-Phe increases with asingle dose of
metformin. We clearly demonstrate that Lac-Phe increases are specific
to metformin treatment rather than T2D status. In addition, we dem-
onstrate that Lac-Pheincreasesin response to metformin treatmentin
both healthyindividuals and those with T2D. Interestingly, our findings
extend beyond Lac-Phe, showing that metformin increases levels of
atleast five N-lactoyl amino acids, thus broadening understanding of
metformin’s metabolic effects. Another novel finding was that Lac-Phe
levels increase post-prandially, paralleling the regulatory patterns of
other appetite suppressants, suchasghrelinand leptin, and providing
arationale for the role of Lac-Phe in regulating appetite. This suggests
that deliberate targeting of Lac-Phe pharmacologically could lead to
stronger appetite-suppressing effects and result in anew class of safe
and effective drugs to treat obesity.

Methods

Brigham and Women’s Hospital cohort

The present study was conducted at Brigham and Women'’s Hospital
from August 2019 to December 2019. The participants were categorized
into five groups: obese with T2D, obese pre-diabetic, obese non-T2D,
lean pre-diabetic and lean non-T2D.

All patient procedures took place at Brigham and Women’s Hospi-
tal. Intotal, 33 volunteers were recruited for the study. The breakdown
of the groupsis as follows:

Obese T2D: eight participants (three women, five men) with a
BMI range of 30-45 kg m™ and hoemoglobin Alc (HbAlc) levels
between 5.7% and 9%. It is important to note that one participant was
not adhering to their prescribed metformin regimen. Another indi-
vidual had aBMImarginally below the initial target (29.8 kg m™). Obese
pre-diabetic: three participants (two men, one woman), including one
individual with a BMI slightly below the initial target (28.3 kg m™).
Obese non-T2D: 11 participants (three men, eight women), with BMI
ranges primarily within 30-45 kg m™, including one individual with
a BMlI slightly below the initial target (29 kg m™). Lean pre-diabetic:
one participant (one man) with a BMI 0of 19.6 kg m™. Lean non-T2D:
ten participants (two men, eight women), all within the targeted BMI
range for lean controls.

Ethics declarations

Patients attending the diabetes clinic at Brigham and Women’s Hospital
were recruited prospectively. All patients provided written informed
consent. This study was reviewed and approved by the Brigham and
Women’s Hospital institutional review board (IRB 2020P002554 and
2019P001128).

Recruitment methodology

Volunteers for this study were recruited from the diabetes clinic and/
or the weight management clinic at Brigham and Women’s Hospital
for the obese groups with or without T2D. In addition, flyers placed in
clinical and non-clinical areas within the hospital were used to recruit
lean control subjects.

The study included men and women aged 18-75 years. For lean
controls, Caucasian and African American individuals were required
to have aBMI 0f18.5-24.9 kg m, whereas Asian adults needed a BMI
of 18.5-23.0 kg m™. The obese cohorts, whether with or without
pre-diabetes or diabetes, had inclusion criteria specifying a BMI of
30-45 kg m~ and HbAlc levels between 5.7% and 9.5%. Individuals
diagnosed with diabetes were primarily managed with metformin,
withsomealsoreceivinginsulin. However, the study excluded current
smokers; individuals who were pregnant or planning pregnancy dur-
ing the study; individuals with serious uncontrolled cardiovascular,
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nervous system, pulmonary, renal or gastrointestinal diseases; indi-
viduals with serologic evidence of HIV, hepatitis B or hepatitis C;
individuals witha history of tuberculosis; individuals with liver disease
characterized by elevated hepatic enzymes; or individuals with any
hematologic abnormalities within the last12 months, including a white
blood count outside the range of 3,000-14,000 cells per microlitre,
lymphocyte count below 500 cells per microlitre, platelet count below
150,000 cells per microlitre, hoemoglobinlevelsless than10 g dI™ or
neutrophil count below 2,000 cells per microlitre. Additional exclu-
sion criteria were poor glycaemic control (HbAlc over 9.5% for indi-
viduals in the diabetes group), major psychiatric illness or ongoing
alcohol or drug abuse.

TwinsUK cohort overview

The TwinsUK study involved 2,069 participants, predominantly of Euro-
peanancestry, from the TwinsUK registry'®. The cohort was primarily
female (96.6%), with participants aged between 32 years and 73 years
at the first of three visits, which spanned 8-18 years. Throughout the
study, atotal of 6,196 samples were collected. Among these, 86 volun-
teerswereidentified as having T2D in atleast one blood draw, resulting
in162 T2D samples. Notably, metformin was detected in 71 of these T2D
samples. Detailed methodologies and further insights for this dataset
were previously described”.

Danish metformin intervention study overview

The 2019 Danish study at Aarhus University Hospital involved a12-week
treatment of metformin for patients with recent-onset T2D and age/
BMI-matched non-diabetic controls. Thisinterventionincluded 24 indi-
viduals with T2D and 12 non-diabetic controls, all receiving 2,000 mg
of metformin daily. For a comprehensive understanding of the study
design, participant demographics and methodologies, see the original
publication®.

Jordanian/Saudi acute metformin study overview

Conducted at the Jordan Center for Pharmaceutical Research in
Amman, Jordan, the 2021 study involved 26 healthy young male sub-
jectsfrom]Jordan. Each participant, aged 18-50 years, received asingle
oral dose of 500-mg metformin hydrochloride. Blood samples were
collected at five specific timepoints: before drug administration,1.5 h
before the maximum serum concentration of metformin (Cmax), at
Cmax, 2 h after Cmax and 36 h after administration, amounting to a
total of 130 samples for metabolomic analysis. For detailed method-
ologies, see the original publication®.

One-hour post-mixed-meal metabolic response study

Inthe 2020 study conducted at Nuvisan GmbH in Neu-Ulm, Germany,
30 participants were divided into three groups: T2D, pre-diabetic and
metabolically healthy, each comprising ten individuals. The research
centred around astandardized mixed-meal test (MMT), performed on
three separate days, resultingin atotal of 90 instances where metabo-
lite levels were assessed before and after meal consumption. Serum
samples were collected 30 min before and 1 h after the meal. Recruit-
ment criteria included HbAlc, fasting and oral glucose tolerance test
(OGTT)-challenged glucose, C-peptide and intact proinsulin measure-
ments. For T2D participants on metformin, the medication was paused
the evening before the MMT. Detailed methodology of the study can
be found in the original publication®.

Date fruitand OGTT study

Conducted at the Medical Laboratories Clinic in Doha, Qatar, the
2018 nutritional challenge study assessed the plasma metabolomein
21 healthy volunteers, comprising 13 females and eight males, after
the consumption of Khalas and Deglet Nour date fruits compared to
an OGTT. Volunteers participated in three separate challenges with
a week’s interval between each, consuming either a glucose drink

or ten fruits from the specified date varieties. Blood samples were
taken at baseline and at 30 min, 60 min, 90 min and 120 min after
intake. The study identified 1,089 blood circulating metabolites.
Detailed methodology of the study can be found in the original
publication®,

High-fat dietintervention study

Conducted at the Australian Catholic University in 2018, a cohort
study was conducted involving 24 overweight/obese sedentary men.
Assessments were conducted on three separate days: initially under
volunteers’ habitual diets, after a 5-day high-fat diet and after an addi-
tional 5 days of the high-fat diet with an exercise intervention. Par-
ticipants were randomized into three groups to compare the effects
of morning and evening exercise against no exercise. On the days of
metabolomic sampling, participants refrained from exercise. Serum
for metabolomics was drawn before breakfast at approximately 7:15
and again at 19:15, after an 18:30 dinner. Further details are available
in the original publication®.

Glucagon infusion metabolicimpact study

This 2021 study*, arandomized, placebo-controlled trial conducted
at the Translational Research Institute at AdventHealth in Orlando,
Florida, USA, involved 33 healthy volunteers who were overweight
orobese and who underwent a 72-h continuous glucagon or placebo
infusion. The participants were allocated into three groups: a placebo
group (n=10), alow-dose glucagon group (GCG 12.5 ng kg min™,
n=12)andahigh-dose glucagon group (GCG25ng kg min™, n=11).
Participants underwent five overnight stays, with the glucagon or
salineinfusions beginning after baseline assessments. Our metabo-
lomics analysis was based on the blood samples drawn a half hour
before and 23 h into the glucagon or placebo infusion, both times
under fasting conditions. Due to missing metabolomics samples—
at least one sample was absent for two participants in the placebo
group and twoin the high-dose glucagon group—the effective sample
sizes for our analysis were adjusted to n = 8 for the placebo group,
remained n =12 for the low-dose glucagon group and were reduced
ton=9forthehigh-dose glucagon group. For comprehensive meth-
odology, see the original publications®**® and ClinicalTrials.gov
(NCT03139305).

Untargeted global metabolite profiling

Metabolon, Inc. performed untargeted metabolite profiling for seven
out of the eight cohorts involved in our comprehensive analysis. The
Jordanian/Saudi acute metformin study is the only cohort for which
Metabolon did not conduct the metabolomics analysis. Detailed meth-
odologies for all cohorts can be found in their respective original
publications.

Example methods for Brigham and Women’s Hospital cohort
Sample preparation and analysis were carried out as described previ-
ously” at Metabolon, Inc. Inbrief, sample preparationinvolved protein
precipitation and removal with methanol, shaking and centrifuga-
tion. The resulting extracts were profiled on an accurate mass global
metabolomics platform consisting of multiple arms differing by chro-
matography methods and mass spectrometry ionization modes to
achieve broad coverage of compounds differing by physiochemical
properties, such as mass, charge, chromatographic separation and
ionization behaviour. The details of this platform were described
previously®’. Metabolites were identified by automated comparison
of the ion features in the experimental samples to a reference library
of chemical standard entries that included retention time, molecular
weight (m/z), preferred adducts and in-source fragments, as well as
associated mass spectrometry spectra, and were curated by visual
inspection for quality control using proprietary software developed
at Metabolon®*.,
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N-lactoyl amino acid identification

N-lactoylamino acids have been labelled as unknown and mislabelled
in existing metabolomic datasets. We systematically identified and
corrected these mislabellings based on our updated mapping table,
ensuring accurate representation of N-lactoyl amino acids in our study
(Extended Data Table1).

Statistical methodology

Unless otherwise stated, untargeted metabolomics values were median
normalized ona per-compound basis; for more details, see ref. 29. For
alltimecourse analyses across cohorts, Lac-Phe levels were normalized
toindividual baseline measurements to ensure consistent assessment
of changes over time. Statistical significance in the volcano plots was
determined using two-tailed Student’s ¢-test. For visualization, Pvalues
andfold changes were log transformed to -log,, and log,, respectively.
For the Brigham and Women'’s Hospital cohort, Lac-Phe levels were
analysed using ordinary one-way ANOVA with Dunnett’s multiple com-
parisons test. Relationships between metforminlevelsand Lac-Phein
the Brigham and Women’s Hospital cohort were assessed using simple
linear regression, with the goodness of fit expressed as an R*value. In
the TwinsUK cohort violin plot, differences in Lac-Phe distributions
between non-T2D and T2D groups were evaluated using an unpaired
t-test. Correlations were evaluated using Spearman’s rank correlation
coefficients unless otherwise stated. To analyse the effect of T2D diag-
nosis and metformininitiationin the TwinsUK cohort, two-way ANOVA
was conducted with multiple comparisons adjusted using Fisher’s
least significant difference (LSD) test. To analyse the effect of fasted
stateon T2D in the TwinsUK cohort, unpaired ¢-tests were used. Inthe
single-dose metforminstudy, one-sample ¢-tests were used toindepen-
dently compare normalized Lac-Phe levels at each timepoint against
the pre-metformin baseline. In the original publication for the Danish
study (NCT01729156), Welch'’s two-sample ¢-test on log-transformed
data was used to assess statistical significance change from baseline
sample to samples after 12 weeks. A mixed-effects model with Sidak’s
multiple comparisons test was used to assess significance versus base-
linein the mixed-mealintervention cohort. One-sample ¢-test was used
to assess significance versus baselinein the high-fat diet cohort study.
GraphPad Prism was used to calculate area under the curve (AUC) to
compare date fruitinterventionstoan OGTT.

The quotedsizeincreasein Lac-Phe for the four metformincohorts
was calculated as follows: for the Brigham and Women'’s Hospital
cohort, by dividing the average Lac-Phe levels in obese T2D by the
average levels in obese non-T2D; in the TwinsUK cohort, by dividing
the average Lac-Phe levels of T2D on metformin by the average levels
of T2D not on metformin; for the Danish study (NCT01729156), by
comparing average levels after a 12-week intervention versus before
intervention for healthy controls and individuals with T2D. The quoted
size increase in Lac-Phe for the fed cohort was calculated by dividing
the average post-meal Lac-Phe values by the pre-meal values; notably,
mixed-meal values were not normalized to baseline, unlike the other
cohorts where baseline-normalized values were used.

Software

Data and statistical analysis was performed using Python version 3.8
and the accompanying pandas 1.4.3 package. GraphPad Prism version
10.1.2 was also used.

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

Data availability

Metabolomic data for the Brigham and Women’s Hospital cohort are
provided in the supplementary materials. Upon Access to the Twin-
sUK metabolomics dataset can be applied for through the TwinsUK

Resource Executive Committee. We used data posted with the original
manuscripts from the following three articles: Short-term variabil-
ity of the human serum metabolome depending on nutritional and
metabolic health status®*; Metabolic changes of the blood metabolome
after a date fruit challenge®; and Metformin increases endogenous
glucose production in non-diabetic individuals and individuals with
recent-onset type 2 diabetes”. Data from the following two articles can
be requested from the corresponding authors: A metabolic pattern
in healthy subjects given asingle dose of metformin: ametabolomics
approach®;and The effect of morning vs evening exercise training on
glycaemic control and serum metabolitesin overweight/obese men:a
randomised trial**. Source data are provided with this paper.

Code availability

Scripts for analysing data from the three publicly available cohorts
are posted on GitHub at https://github.com/barryfscott/Metformin-
Feeding-Lac-Phe-Analysis. For code related to non-public datasets,
contact the corresponding author.
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Extended Data Fig. 1| Glucagon does not induce Lac-Phe levels. LacPhe levels before and 23 hours post treatment with low (GCG 12.5 ng/kg/min, n =12) or high (GCG
25 ng/kg/min, n =9) dose glucagon or placebo control (n = 8). Data shown is individual paired data points for Lac-Phe pre and post treatment. Data was analysed using a

2-way ANOVA with a Sidak post-test. (***, p=0.008).

Lac-Phe (A.U)
N

Nature Metabolism


http://www.nature.com/natmetab

Brief Communication

https://doi.org/10.1038/s42255-024-01018-7

57 o
p=0.004

—~44 *¥k
= p=0.002
553- Kk
2 | p=0.0005
Q. 54
o)
@
-

14

*%
B=0001
*kk
p=0.0003
*kkk
dekkk *kkk
Jkkk
| a—

Mixed MeaI- pre pc;st pFe pdst pFe po'st
Visit# 123 123123 123 123 123

non

T2D
Extended Data Fig. 2| Stable baseline Lac-Phe levels in non-T2D, pre-T2D
and T2D individuals. LacPhe levels 30 minutes before and 1 hour after a
standardised mixed meal testinvolving non-T2D (n =10), pre-T2D (n =10),
and T2D volunteers (n =10). Each volunteer completed the test on 3 separate

pre T2D
T2D
days (labelled visit1,2 and 3). (****, p < 0.0001). Data is individual linked
measurements for each volunteer across the 3 visits. Data was analysed using
atwo-way ANOVA with a Tukey post-test comparing paired pre and post
measurements for each group on each visit.
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Extended Data Table 1| Correction of metabolite mislabelings

Unknown Incorrect ID Correct ID

X-13529 1-carboxyethylvaline N-lactoyl valine
X-15497 1-carboxyethylphenylalanine | N-lactoyl phenylalanine
X-18889 1-carboxyethylleucine N-lactoyl leucine
X-22102 1-carboxyethylisoleucine N-lactoyl isoleucine
X-19561 1-carboxyethyltyrosine N-lactoyl tyrosine
X-25607 1-carboxyethylhistidine N-lactoyl histidine

This table delineates the original unknown labels assigned to N-lactoyl amino acids (Unknown column), their previous misidentifications (Incorrect ID column) and their verified correct
identifications (Correct ID column). These mappings were used to accurately identify metabolites reported in our cohorts.
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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
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TwinsUK Resource Executive Committee.
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Reporting on race, ethnicity, or | We didn't specifically study the effects of race or ethnicity on our results. This study was however conducted based on 7

other socially relevant cohorts, Each of the 7 cohorts recruited volunteers from a different different country. The countries were USA, UK, Denmark,
Emul:"“ﬂ‘-" Jordan, Germany, Qatar and Australia.
Population characteristics For the Brigham cohort:

In total, 33 volunteers were recruited for the study aged between 18-75. The breakdown of the groups was as follows:

Obese T2D: 8 participants (3 women, 5 men) with a BMI range of 30-45 and Hemoglobin Alc (HbALc) levels between 5.7-9%.
It is important to note that one participant was not adhering to their prescribed metformin regimen. Another individual had a
BMI marginally below the initial target [29.8). Obese Pre-Diabetic: 3 participants {2 men, 1 woman), including one individual
with a BMI slightly below the initial target [BMI 28.3). Obese Non-T20D: 11 participants (3 men, 8 women], with BMI ranges
primarity within 30-45, including one individual with a BMI slightly below the initial target [29). Lean Pre-Diabetic; 1
participant {man] with a BMI of 19.6.

Lean Mon-T2D: 10 participants (2 men, 8 women], all within the targeted BMI range for lean controls,

In brief for the other cohorts:

TwinsUJK:.
2069 volunteers, 96,6% women, age at first sampling 32 to 73 years

Metformin increases endogenous glucose praduction in non-diabetic individuals and individuals with recent-onset type 2
diabetes
12 Diabetics (6 men, 6 wornen) Age =50 BMI <40, 12 Healthy controls {6 men, & wormen) Age =50 BMI <40

A Metabolic Pattern in Healthy Subjects Given a Single Dose of Metformin: A Metabolomics Approach
26 healthy young male subjects from Jordan. Each participant, aged 18-50 years

Short-term variability of the human serum metabolome depending on nutritional and metabeolic health status
10 Healthy Controls|T women, 3 men) BMI: 19.9- 279, 10 prediabetic[4 women, & men) BMI:28.3 - 41.9, 10 Type 2 diabetics
(10 men) BMI 26.6 - 38.9

Metabolic changes of the blood metabolome after a date fruit challenge.
21 volunteers 13 females and 8 males. Volunteers with elevated blood glucose (>1208mg/dL) prior to the challenge was used
as an exclusion criterion. BMI range 19.6 to 31.4

The effect of morning vs evening exercise training on glycaemic control and serum metabolites in overweight/obese men: a
randomised trial.
24 overwelght/obese sedentary men aged 3045 years; BMI 27.0-35.0

Recruitment For the Brigham cohort:
Volunteers for the study were recruited from the diabetes clinic and/for the weight management clinics at Brigham and
‘Women's Hospital for the obese groups with or without Type 2 Diabetes (T2D). In addition, fiyers placed in clinical and
nonclinical areas within the hospital were used to recruit lean control subjects.

Inclusion Criteria

» Men and women between 18-75 years of age

# For lean controls: BM| of 18,5-24.9 for Caucasian and African American individuals, and 18.5-23.0 for Asian adults
# For obesa cohorts, whether with or without prediabetes or diabetes, the inclusion criteria were a BMI of 30-45 and Hbalc
levels of 5.7-9.5%

Individuals with diagnosed diabetes were predominantly on metformin, with or without insulin.

Exclusian Criteria

» Current smoker

# Pregnancy or planning pregnancy during the study period

» Seripus uncontrolled cardiovascular, nervous system, pulmanary, renal, or gastrointestinal disease.

» Serologic evidence of current or past HIV, Hepatitis B, or Hepatitls C

» History of tuberculosis

# Liver disease with elevated hepatic enzymes




Ethics oversight

o Any of the following hematologic abnormalities on a blood test done in the last 12 months
0 White blood count <3,000/ul or >14,000/uL;

o Lymphocyte count <500/uL;

o Platelet count <150,000 /uL;

0 Hemoglobin <10 g/dL; or

o Neutrophil count <2,000 cells/puL.

® Poor glycemic control (HbAlc >9.5% for the diabetes group)

® Major psychiatric illness

e Ongoing alcohol or drug abuse.

Recruitment for all other cohorts used are detailed in the original publications
Brigham cohort:

All volunteers provided written informed consent. This study was reviewed and approved by the Brigham and Women'’s
Hospital Institutional Review Board (IRB 2020P002554 and 2019P001128).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size

The Brigham study was an exploratory study and we didn't use a statistical methodology to pre-determine sample sizes.

The sample sizes for all other studies were determined based on the specific research questions addressed in those original studies, which
differ from our investigative focus on Lac-Phe during the reanalysis of their data. In all cases these untargeted metabolomic datasets had
more than 500 metabolites measured. Our question was often more targeted - focusing on 1 or a small group of metabolites - thus typically
need fewer samples.

The TwinsUK cohort utilized a significant subset of the cohort's participants for metabolomic analysis initially to explore the impact of low-
frequency genetic variants on metabolite levels, necessitating a large dataset (6196 samples)

Study:Metformin increases endogenous glucose production in non-diabetic individuals and individuals with recent-onset type 2 diabetes

For the initial study, a sample size comprising 12 individuals with recent-onset Type 2 Diabetes (T2D) receiving metformin, another 12 T2D
individuals receiving a placebo, and 12 healthy controls administered metformin was considered large enough to explore the primary
outcome, which focused on whole-body glucose disposal and endogenous glucose production. Metabolomics analysis, serving as a secondary
analysis, was conducted exclusively on the metformin-treated groups, omitting the placebo group from this part of the analysis.

A Metabolic Pattern in Healthy Subjects Given a Single Dose of Metformin: A Metabolomics Approach:
26 men underwent serial blood sampling. This sample size was considered sufficient to identify significant metabolic alterations following
metformin administration. The study provided adequate statistical power to discern variations in more than 100 metabolites.

Short-term variability of the human serum metabolome depending on nutritional and metabolic health status:
The sample size was chosen: 30 volunteers sampled on 3 different days - before and after meals - to assess whether metabolite levels were
stable over time. They were able to calculate and publish statistics on the stability of the metabolites across days.

Metabolic changes of the blood metabolome after a date fruit challenge.

A sample size of 21 volunteers was recruited, and serial blood draws were taken after three nutritional interventions . This sample size was
considered sufficient to identify significant metabolic alterations following these different meals. The study provided adequate statistical
power to discern variations in more than 50 metabolites.

The effect of morning vs evening exercise training on glycaemic control and serum metabolites in overweight/obese men: a randomised trial.
A sample size of 24 volunteers ( 3 groups: morning exercise n = 9 (8 completions); evening exercise n = 8; no exercise n = 8) was recruited.
This sample size was considered sufficient to identify the effect of exercise training time on glycaemic control and serum metabolites. The
study providing adequate statistical power to discern differences in glycaemic control and metabolites levels in the different groups.

A Metabolomic Signature of Glucagon Action in Healthy Individuals With Overweight/Obesity:

The sample size of thirty-three volunteers (Placebo, N = 10; GCG 12.5 ng/kg/min, N = 12; GCG 25 ng/kg/min, N = 11) was considered sufficient
to identify significant energy expenditure alterations following Glucagon administration - no differences were found. Looking at differences in
serum metabolites was a secondary analysis. The study provided adequate statistical power to discern individual serum metabolites and
metabolite classes that changed in response to Glucagon
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Data exclusions

Replication

Randomization

Blinding

In the TwinsUK dataset, we excluded samples that exhibited more than 175 missing metabolites, affecting 8 out of 6,196 samples (0.13%).
Samples exceeding 175 missing metabolites represented clear outliers, suggesting potential issues with the sample quality or data acquisition.
This threshold was selected based on the distribution of missing metabolites, which showed a smooth continuum excluding these outliers.
This cutoff was determined post hoc, as it was informed by the observed distribution of missing data, rather than being pre-established.

We have 2 primary results.
All attempts at replication for both results were succesful

Specifically:
Lac-Phe increases with metformin treatment. 4 cohorts were used to demonstrate this.
Lac-Phe increases after feeding. 4 cohorts were used to demonstrate this.

2 observational studies:

The Brigham cohort, no Randomization - For analysis, where appropriate we compared Obese T2D's vs. Obese Non T2D. We used further
cohorts to validate our results.

The TwinsUK cohort,no Randomization - - To account for the lack of intervention/randomization we exploited the fact that we had 3 blood
draws over time - with an average of 6.5 years between draws - per volunteer. The trajectory of Lac-Phe levels in volunteers was traced for
those volunteers whose T2D and metformin status changed between subsequent samples, and we could compare this to volunteers whose
had T2D and/or metformin status had not changed.

2 Interventional metformin studies

Study:Metformin increases endogenous glucose production in non-diabetic individuals and individuals with recent-onset type 2 diabetes : no
Randomization for metabolomics.

The analysis of the metabolites was a secondary analysis of the study and as results randomization was not used. All subjects given metformin
were sampled. However each volunteer was their own control because they were sampled before and after the metformin intervention.

A Metabolic Pattern in Healthy Subjects Given a Single Dose of Metformin: A Metabolomics Approach: no Randomization
Measurements were in the same individual. So metabolite levels were measured on the same day before and at timepoints after the
administration of metformin. Each volunteer was their own control because they were sampled before and after the metformin intervention.

Short-term variability of the human serum metabolome depending on nutritional and metabolic health status: no Randomization
There was no randomization each volunteer was subject to a nutritional intervention on 3 separate days. However each volunteer was their
own control because they were sampled before and after after the nutritional intervention.

Metabolic changes of the blood metabolome after a date fruit challenge: no Randomization
There was no randomization each volunteer was subject to each of three nutritional interventions. However each volunteer was their own
control because they were sampled before and at timepoints after the interventions.

One study had randomization for an exercise intervention : The effect of morning vs evening exercise training on glycaemic control and serum
metabolites in overweight/obese men: a randomized trial

Upon analyzing the effects of the randomized exercise intervention, we found that it did not exert a significant influence on the outcomes of
our study. This analysis ensured that the intervention's impact was thoroughly evaluated. However, because our study primarily focused on
the effects of sampling time relative to meals, we chose not to include detailed data regarding this exercise intervention in our findings.
Volunteers were measured before breakfast and after dinner, so volunteers could act as their own controls.

Metabolomic Signature of Glucagon Action in Healthy Individuals With Overweight/Obesity:Randomization

The were three groups a placebo group a low dose Glucagon group and a high dose glucagon groups. These groups were assigned by
randomisation. The author provide details in another publication based on this cohort - which related to their primary endpoint which was
energy expenditure:Prolonged Glucagon Infusion Does Not Affect Energy

Expenditure in Individuals with Overweight/Obesity:

A Randomized Trial:

"Participants were stratified into groups

on the basis of sex and BMI (=36, <36 kg/m2

) prior to randomization to

one of the three groups using a pseudorandom number generator in JMP

(version 13.0; SAS Institute Inc., Cary, North Carolina) "

2 of the studies the Brigham study and the TwinsUK cohort were observational study. Please see the Randomization section for how we
controlled for this

Study:Metformin increases endogenous glucose production in non-diabetic individuals and individuals with recent-onset type 2 diabetes :
The analysis of the metabolites was a secondary analyis of the study and as results blinding was not used. All subjects given metformin were
sampled. However each volunteer was their own control because they were sampled before and after the metformin intervention.

A Metabolic Pattern in Healthy Subjects Given a Single Dose of Metformin: A Metabolomics Approach:

All volunteers we admininsted the intevention (taking a single dose of metformin). However each volunteer was their own control because
they were sampled before and at multiple time points after the metformin intervention.

Short-term variability of the human serum metabolome depending on nutritional and metabolic health status:
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There was no blinding each volunteer was subject to a nutritional intervention on 3 separate days. However each volunteer was their own
control because they were sampled before and after after the nutritional intervention.

Metabolic changes of the blood metabolome after a date fruit challenge.
There was no blinding each volunteer was subject to each of three nutritional interventions. However each volunteer was their own control
because they were sampled before and at timepoints after the interventions.

The effect of morning vs evening exercise training on glycaemic control and serum metabolites in overweight/obese men: a randomised trial.
Blinding would not have made sense in this cohort because the different groups performed either no exercise, exercise in the morning and
exercise in the evening. It would be impractical to hide this informations from the participants or the researchers supervising the study.

A Metabolomic Signature of Glucagon Action in Healthy Individuals With Overweight/Obesity:

The were three groups a placebo group a low dose Glucagon group and a high dose glucagon groups. Blinding was conducted.
The author provide details in another publication based on this cohort - which related to their primary endpoint which was energy
expenditure:Prolonged Glucagon Infusion Does Not Affect Energy

Expenditure in Individuals with Overweight/Obesity:

A Randomized Trial: "All researchers and participants were blinded to assignment

except the pharmacist issuing the glucagon"

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

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

Seed stocks 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.

Novel plant genotypes 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-
Authentication Describe-any-atthentication-procedures foreach seed stock-tised-or-novel-genotype generated.—Describe-any-experiments-tused-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.
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