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SUMMARY
Feeding behavior must be continuously adjusted to match energy needs. Recent discoveries in murine
models identified uridine as a regulator of energy balance. Here, we explore its contribution to the complex
control of food intake in humans by administering a single dose of uridinemonophosphate (UMP; 0.5 or 1 g) to
healthy participants in two placebo-controlled studies designed to assess food behavior (registration:
DRKS00014874). We establish that endogenous circulating uridine correlates with hunger and ensuing
food consumption. It also dynamically decreases upon caloric ingestion, prompting its potential role in a
negative feedback loop regulating energy intake. We further demonstrate that oral UMP administration
temporarily increases circulating uridine and—when within the physiological range—enhances hunger and
caloric intake proportionally to participants’ basal energy needs. Overall, uridine appears as a potential target
to tackle dysfunctions of feeding behavior in humans.
INTRODUCTION

Uridine is mostly known as a precursor for RNA; however, this

nucleoside and its derivatives also play a critical role in glycogen

synthesis, bio-membrane integrity, and normal neurophysiolog-

ical function.1–3 While circulating uridine levels are long known to

be tightly controlled to ensure correct cell function in mam-

mals,4,5 recent insights into its systemic regulation in murine

models suggest that blood uridine also reflects the animals’

nutritional status, hence turning the spotlight on the involvement

of uridine in the regulation of energy balance of the whole organ-

ism.6,7 Indeed, while basal uridine homeostasis is predominantly

ensured by the liver in the fed state,8 uridine levels are increased

during fasting as the lipolysis in adipose tissue triggers de novo

uridine synthesis in the adipocytes.7,9 Conversely, circulating uri-
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dine quickly decreases upon feeding, cleared by the liver and

excreted in bile.7,8 Altogether, such physiological regulation es-

tablishes circulating uridine as a signal of the nutritional status of

an organism and suggests a role for uridine in the control of en-

ergy balance.

This hypothesis is further supported by recent discoveries on

the role of circulating uridine in the neural control of metabolism.

Indeed, beyond its long known influences on peripheral homeo-

stasis2—such as the regulation of glycogen storage in the

liver10,11—uridine and its phosphorylated derivatives have

beenmore recently revealed as novel players in the central regu-

lation of food intake. In particular, uridine diphosphate (UDP),

whose synthesis in the CNS directly depends on the peripheral

circulating uridine levels,12,13 stimulates the orexigenic agouti-

related peptide/neuropeptide Y (AgRP/NPY) neurons of the
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Table 1. Participants’ characteristics

Parameter

Study 1 g

(mean ± SEM)

Study 0.5 g

(mean ± SEM)

n (female:male) 22 (12:10) 17 (11:8)

Age (years) 24.1 ± 0.6 25.1 ± 0.9

BMI (kg/m2) 22.6 ± 0.5 22.7 ± 0.4

Female (kg/m2) 21.8 ± 0.8 22.1 ± 0.5

Male (kg/m2) 22.4 ± 0.5 23.4 ± 0.5

Fat-free mass (kg) 54.2 ± 2.6 52.2 ± 1.6

Female (kg) 45.6 ± 2.6 44.6 ± 0.5

Male (kg) 64.4 ± 1.6 60.8 ± 1.3

Fat-free mass (%) 79.6 ± 1.9 67.5 ± 1.3

Female (%) 72.7 ± 1.5 82.3 ± 1.5

Male (%) 89.0 ± 1.2 71.3 ± 1.1

Data are mean ± SEM. BMI, body mass index.
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arcuate nucleus of the hypothalamus, thereby promoting food

intake in mice.6 Disrupting UDP signaling in these hunger-medi-

ating neurons reduces the consumption of a high-fat diet,14

further supporting the role of uridine in the central control of

food intake. Moreover, mice lacking the UDP receptor globally,

restricted in AgRP neurons, or adipose tissue present with

improved glucose metabolism in obesity.14,15

Although the role of circulating uridine in the control of meta-

bolic balance and energy intake is progressively unraveled in ro-

dent models, the relevance of this pathway in the regulation of

human food intake remains unclear. While obesity has been

repeatedly associated with abnormal uridine regulation in hu-

mans, it is often confounded with other metabolic disorders.16,17

In the general population, the mechanisms of the metabolic

regulation of circulating uridine and, reciprocally, the potentially

causal role of uridine on food intake, are still unknown. In the era

of a soaring obesity pandemic, defining the complex mecha-

nisms regulating food intake in humans is of paramount interest.

We here address the role of uridine in human feeding behavior

using two interventional studies, defining a function of circulating

uridine in the control of food intake in humans.

RESULTS AND DISCUSSION

To investigate the potential relevance of circulating uridine levels

in the regulation of hunger and food intake in humans, we

measured blood uridine, subjective hunger, and food intake of

healthy, normal-weight participants (Table 1) before and during

an ad libitum buffet (Figure 1). To further assess the causal

impact of uridine on intake behavior, we concurrently modulated

circulating uridine levels using an oral administration (placebo

controlled, cross-over, double blind) of the uridine precursor uri-

dine monophosphate (UMP; 0.5 g: n = 17 or 1 g: n = 22).

Circulating uridine correlates with hunger ratings and
food intake
To characterize the influence of circulating uridine on food-

related behavior, we first analyzed how blood measurements

of circulating uridine, hunger ratings, and food consumption

concomitantly unfolded in time under physiological conditions

(study [1 g], placebo intervention). We found that higher uridine

levels were consistently associated with higher hunger ratings

at the same time point (F(1, 44.7) = 29.4, p < 0.001,u2 = 0.38; Fig-

ure 2B; Table S5) and anticipated larger food intakes in the next

2 h (F(1, 46.2) = 8.4, p = 0.006, u2 = 0.13; Figures 2C and 2F;

Table S6). We furthermore showed that hunger mediates the

positive influence of uridine on food intake (mediation analysis,

c = 0.58, p = 0.002; Figure 2G; Table S7), suggesting that uridine

exacerbates subjective hunger, which in turn drives caloric

intake in the next 2 h (F(1, 55.6) = 25.7, p < 0.001, u2 = 0.30; Fig-

ure 2E; Table S8). Strengthening our findings, satiety and

appetite ratings, instead of hunger, yielded congruent results

(Tables S9 and S10).

Uridine has been evidenced to regulate food intake in rodents

by increasing central UDP to activate AgRP neurons in the

arcuate nucleus of the hypothalamus (ARH), known to control

intake behavior.6 Interestingly, uridine’s effect is conveyed via

the control of the subjective sensation of energy need as re-
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flected by the modulation of hunger, satiety, and appetite rat-

ings. More importantly, our experimental design allows us to

demonstrate the dynamic nature of this regulatory signal: as

time progresses, uridine levels dynamically adapt to caloric

intake (see below), thus modulating participants’ physiological

state perception (hunger, satiety, and appetite ratings) and

therefore their food ingestion. Uridine hence closely and contin-

uously resembles caloric intake.

In addition to this short-term influence, we also tested if uridine

levels could serve as a long-term predictor of energy intake and

storage and, therefore, body composition. The narrow range of

body mass index (BMI) of our participants (20–25 kg/m2) did

not allow us to reveal a link between basal uridine levels (prior

to the buffet) and body fat (Tables S10A and S10B). Basal uridine

levels did not predict total caloric intake in the placebo condition

either (Tables S10C and S10D). Together, these results hint that

the dynamic regulation of uridine, rather than its basal levels, is

determinant in the regulation of energy balance.

Food intake downregulates serum uridine and hunger
Next, we analyzed the inverse relationship, i.e., how food intake

affects uridine levels, again under physiological conditions

(study [1 g], placebo). Unsurprisingly, hunger ratings decrease

as a function of calories ingested in the previous 2 h (F(1,60) =

54.3, p < 0.001, u2 = 0.46; Figure 2I; Table S11). As demon-

strated by Deng et al.,7 in overweight women, we here reproduce

the finding that uridine levels decrease upon food ingestion in

healthy-weight humans. Furthermore, we can show that the

magnitude of the post-prandial uridine decline is directly propor-

tional to the caloric load (F(1, 37.7) = 19.3, p < 0.001, u2 = 0.32;

Figure 2H; Table S12). Moreover, the decrease in hunger

matches the amplitude of the drop in uridine levels (main effect:

F(1, 36.4) = 18.4, p < 0.001, u2 = 0.31; Figure 2I; Table S13),

echoing our results above. Critically, the change in uridine medi-

ates the negative effect of calories ingestion on hunger (c = 0.17,

p = 0.034; Figure 2K; Table S14), indicating that blood uridine

contributes to the regulation of hunger sensation following

food intake. Again, using satiety or appetite ratings yielded

congruent results (Tables S15 and S16).
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Figure 1. Study design

(A) Study with 1 g UMP. Participants arrived fasted at the testing site at 8:00 a.m. A baseline blood sample was taken, and the body composition analyzed on an

impedance scale. Participants then received 1 g UMP dissolved in orange juice or pure orange juice as placebo condition and were given access to a personal

buffet, from which they could serve themselves ad libidum. Further blood draws followed at 10:00 a.m. (after 2 h) and at 12:00 p.m. (after 4 h). Every hour,

participants were asked to rate their hunger levels on a continuous 100 mm visual analog scale (VAS). Food intake was assessed every 2 h by weighting missing

items from the buffet. The experiment ended at 2:00 p.m. with a short debriefing.

(B) Study with 0.5 g UMP. Participants arrived fasted at the testing site at 8:00 a.m., and a baseline blood sample was taken. They then received a standardized

breakfast (686 kcal) with either 0.5 g UMP dissolved in orange juice or pure orange juice as placebo condition. Next, the body composition was analyzed on an

impedance scale. Further blood samples were taken at 10:00 (after 2 h) and 11:30 a.m. (after 3.5 h). A personal buffet was served at 11:30 a.m. and refilled every

1.5 h, measuring themissing amount of food at the same time. VASs were used to measure hunger ratings at 8:00 and 10:00 a.m. and every 1.5 h from 11:30 a.m.

onward. Behavioral tasks were used as distraction lasting for 15 min at 11:15 a.m. and 12:30, 2:00, and 3:30 p.m. The experiment ended at 5:30 p.m. with a short

debriefing. UMP, uridine monophosphate.
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In linewith the results of Deng et al.,7 we demonstrate here that

food intake reduces circulating uridine levels. This phenomenon

is likely driven by the liver, which clears peripheral uridine via

biliary excretion upon food.7 We further show that the rate of

uridine clearance depends on the precise number of ingested

calories. This finding indicates a tight bidirectional regulation be-

tween uridine levels and energy intake, suggesting an acting role

for uridine in a feedback loop regulating energy levels in humans.

It further raises the question of which type ofmacro- ormicro-nu-

trients might specifically contribute to this regulation.

Oral UMP increases circulating uridine and potentiates
hunger and food intake
We above established that, in physiological conditions, circu-

lating uridine correlates with hunger sensation and subsequent

food intake. To define the causal role of uridine and thus evaluate
its potential relevance for the control of intake behavior, we orally

administered to our study participants a single dose of the uri-

dine precursor UMP (Pharma Waldhof, 98% purity, see supple-

mental information) before they engaged with an ad libitum

buffet.

The oral supplementation of 0.5 g UMP (study [0.5 g]) signifi-

cantly increased circulating uridine levels, preventing the initial

post-prandial decline in serum uridine concentrations and stabi-

lizing uridine at a high physiological level, above placebo values

(time3 intervention: F(1, 78.1) = 13.6, p < 0.001, u2 = 0.24; inter-

vention – placebo at t0: 0.11 ± 0.26 mM, p = 0.665, at t + 2 h:

2.04 ± 0.26 mM, p < 0.001, at t + 3.5 h: 1.11 ± 0.26 mM,

p < 0.001; Figure 3A; Tables S17 and S18; see Figure S6 for

intra-subject variability of uridine measurement). Notably, the

drug effect did not depend on gender or body composition (all

p > 0.222; Table S17).
Cell Reports Medicine 4, 100897, January 17, 2023 3
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Figure 2. Uridine regulates hunger and food intake in a feedback loop under physiological conditions (study [1 g], placebo)

(A–C) Lines and error bars represents the mean and SEM, respectively.

(A) Blood uridine level as a function of time. Lighter colors represent later time points. Statistics correspond to post-hoc comparisons between time points

(Table S35).

(B) Hunger ratings as a function of time. Purple points represent average ratings for the half of the participants with the highest (dark) or lowest (light) circulating

uridine levels at each time point (median split). Statistics correspond to the main effect of uridine on hunger (Table S5).

(C) Caloric intake in each time bin. Green points represent average intake for the half of the participants with the highest (dark) or lowest (light) hunger ratings at the

beginning of the time bin. Statistics correspond to the main effect of hunger on food intake (Table S8).

(D–F and H–J) Thin blue lines are the best linear fit for each time point (same color code as for data points and in A). Yellow lines represent the linear fit across all

timepoints, i.e., for the whole time span of the buffet. All p values correspond to the main effect of the variable in the x axis on the variable in the y axis (see

supplemental tables for details).

(D) Effect of blood uridine levels on hunger. Higher uridine levels predicted higher hunger ratings at the same time point (Table S5).

(E) Effect of hunger on food intake. Higher hunger levels predicted higher food intake in the next 2 h (Table S8).

(F) Effect of blood uridine levels on food intake. Higher uridine levels predicted higher food intake in the next 2 h (Table S6).

(G) Graphical representation of the mediation analysis uridine / hunger / following food intake (Table S7). Top left arrow represents the influence of uridine

(dependent variable) on hunger ratings (mediator). Top right arrow represents the influence of hunger ratings on following food intake (independent variable),

controlling for uridine. Bottom arrow represents the effect of uridine on following food intake either overall (total effect, values above) or once removed the effect

mediated by hunger (direct effect, values below in parentheses). Values correspond to the standardized effect size u2 and the sign, the direction of the effect.

Global statistics on top quantify the relative size and significance of the mediation itself (difference between the total and direct effect).

(H) Effect of food consumed within 2 h on the change of blood uridine levels (D uridine = uridine after – uridine before). Higher amount of consumed kcal predicted

a stronger decrease in blood uridine concentrations (Table S12).

(I) Effect of the change in uridine concentration on the change of hunger level (D hunger ratings = hunger rating after – hunger rating before). A stronger drop in

uridine levels predicted a stronger post-prandial decrease in hunger ratings (Table S13).

(J) Effect of consumed food within 2 h on the change of hunger ratings. Higher amount of consumed kcal predicted a stronger decrease in hunger ratings

(Table S11).

(K) Graphical representation of the mediation analysis consumed food / D uridine / D hunger ratings (Table S14), similar to (G).
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Figure 3. Effect of 0.5 g oral UMP on blood uridine, food intake, and hunger (study [0.5 g])

In all panels, placebo is indicated in blue and intervention (0.5 g UMP) in red. Lines and error bars represent the mean and SEM, respectively.

(A) Blood uridine levels over time for placebo and 0.5 g UMP conditions (Table S17).

(B) Food intake over time for placebo and 0.5 g UMP conditions separated for high and low fat-free bodymass by amedian split. Displayed values were corrected

for confounds (fat mass and dinner size, sport, and late snacking the day prior to the testing day) by regressing out their effect beforehand. The p value cor-

responds to the intervention 3 fat-free mass interaction effect on the total food intake (Table S20).

(C) Increase in total food intake due to the intervention (D total food intake = total food intake under UMP – total food intake under placebo) as a function of fat-free

body mass. The p value corresponds to the intervention 3 fat-free mass interaction term (Table S20).

(D) Hunger ratings over time for placebo and 0.5 g UMP conditions, corrected for the initial hunger (average ratings before the buffet) and separated for high and

low fat-free body mass by median split. The p value corresponds to the intervention 3 fat-free mass interaction on total average corrected ratings (Table S19).

(E) Increase in average hunger ratings during the buffet due to the intervention (D hunger ratings = ratings under UMP – ratings under placebo) as a function of fat-

free body mass. The p value corresponds to the intervention 3 fat-free mass interaction term (Table S19).

See also Figure S6.
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Previous studies showed that lean mass is one of the main de-

terminants of energy needs, hence caloric intake, in humans.18

Accordingly, food behavior in the placebo condition (study [0.5

g]) revealed that total food intake was strongly driven by lean

mass (Pearson r = 0.71, p = 0.001, Figure 3B)—the participant

with the highest lean mass ate 3.16 times more than the one

with the smallest one. Based on this strong influence of lean

mass on food behavior, we expected the effect of uridine to be

potentiated by lean mass and therefore integrated this factor

as a covariate in the follow up analyses.

Comparedwith placebo, UMP supplementation significantly in-

creases, especially in participants with a higher lean mass, both

hunger ratings (intervention: F(1,152.2) = 5.6, p = 0.019, u2 =

0.03, intervention 3 fat-free body mass, F(1, 154.65) = 5.8, p =

0.017, u2 = �0.03; Figures 3C and 3D; Table S19) and total

food intake (intervention: F(1,16.2) = 4.04, p = 0.061, u2 = 0.14,
intervention 3 fat-free-body mass F(1, 15.9) = 5.5, p = 0.032,

u2 = 0.68; Figures 3E and 3F; Table S20).While we did not expect,

based on our results in the placebo condition, that the effect of

UMP would depend on the body composition, it should be noted

that participants with a higher lean mass have larger energy

needs and eat considerably more overall (F(1,13.2) = 32.9, p

< 0.001, u2 = 0.38; Table S20). It is therefore not surprising that

participantswith higher energy needsmore readily increased their

food intake when UMP application increased their uridine levels.

Together, our results thus prove that circulating uridine promotes

food intake and exerts feeding-regulatory effects in humans.

A single dose of oral UMP does not alter markers of the
post-ingestive metabolic response
In order to further characterize the role of UMP supplementation

and the ensuing increase in serum uridine levels in the control of
Cell Reports Medicine 4, 100897, January 17, 2023 5
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Figure 4. Metabolic profile of the participants in the study [0.5 g]
(A) Insulin resistance as measured by HOMA-IR = (fasting glucose [mg/dL] 3 fasting insulin [mU/L])/405 as a function of adiposity. Linear fit (Table S21).

(B and C) Serum insulin (B) and glucose (C) as a function of time. Statistics correspond to the post-hoc comparison between time points (Tables S22 and S23).

(D) Basal serum leptin increases exponentially as a function of adiposity. Statistics correspond to the fitted model: leptin � b0 + exp(b1*bodyfat) (Table S24).

(E) Total food intake as a function of the (log�) basal serum leptin. Linear fit. (Table S25).

(F and G) Serum leptin (log scale) (F) and leucine (G) as a function of time. Statistics correspond to the post-hoc comparison between time points (Tables S26 and

S27).

In all panels, placebo and intervention (0.5 g UMP) are shown in blue and red, respectively. Thin lines and error bars represent the mean and SE (B, C, F, and G) or

the best fit (A, D, and E) for each session, thick black lines the grand average, and lighter colors mean later time points. The pill symbol with ‘‘n.s.’’ indicates the

absence of any significant difference (main effect or interaction) between the UMP and the placebo conditions.

See also Figures S1–S3.
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food behavior, we assessed how our intervention affected multi-

ple physiological markers of the metabolic response to food

intake. As artificial elevation—especially in the long term—of uri-

dine levels has been previously linked to alterations of glucose

metabolism, leptin function, and amino acids levels,2 we focused

our analyses on those particular metabolites.

In the study [0.5 g], all participants consumed the same

standardized breakfast after receiving the drug or the placebo,

allowing for direct comparison of their metabolic response

across interventions. Concerning glucose metabolism, we first

ensured that insulin resistance, as assessed by the homeostatic

model assessment for insulin resistance (HOMA-IR), correlated

with adiposity in our group (F(1,15) = 4.7, p = 0.047, u2 = 0.18;

Figure 4A; Table S21). As expected, we also found a transient in-

crease in insulin levels (F(2,80) = 42, p < 0.001, u2 = 0.5; Fig-

ure 4B; Table S22) as well as a drop in blood glucose

(F(2,80) = 12.5, p < 0.001, u2 = 0.22; Figure 4C; Table S23) 2 h

after the initial food intake. Crucially, we found no evidence for

an influence of UMP supplementation on neither insulin (all

p > 0.633; Table S22) nor glucose (all p > 0.170; Table S23)

post-prandial responses. Conforming its putative role as a

long-term signal of energy reserve, fasting leptin levels displayed

a typical exponential relationship with body adiposity (F(1,15) =
6 Cell Reports Medicine 4, 100897, January 17, 2023
127.8, p < 0.001, u2 = 0.88; Figure 4D; Table S24) and negatively

correlated with total food intake (F(1,16.9) = 25.7, p < 0.001, u2 =

0.58; Figure 4E; Table S25). We also observed a decrease in

circulating leptin (F(2,80) = 5.7, p = 0.005, u2 = 0.10; Figure 4F;

Table S26) as was already observed after the ingestion of mixed

meals containing lipids.19 Again, we found no evidence for any

influence of UMP supplementation (all p > 0.150; Table S26).

Finally, the analysis of amino acids levels revealed an overall ten-

dency for a slight post-prandial increase (Figures 4G and S1;

Table S27), although this effect, after correcting for multiple

comparisons, only remained significant for alanine, asparagine,

and proline (all p < 0.029, Bonferroni corrected). While few amino

acids also showed a main effect of intervention, this trend was

likely driven by a difference at baseline rather than a drug effect

(no interaction with time) and did not remain significant after

correction for multiple correction (Table S27).

We performed precisely the same set of analyses in the study

[1 g] to see if higher doses of UMPmight be necessary to induce

a change in the metabolic response of our participants. Bearing

in mind the difference of experimental design (food intake was

prolonged and might have differed between sessions), we found

results congruent with the [0.5 g] study (Figures S2 and S3;

Tables S28–S34). More precisely, we could qualitatively
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Figure 5. Effect of 1 g UMP on blood uridine and food intake (study [1 g])

In all panels, placebo is indicated in blue and intervention (1 g UMP) in red.

(A) Blood uridine levels over time for placebo and 1 g UMP (Table S21). Lines and error bars represent the mean and SEM, respectively.

(B) Food intake in each 2 h time bin as a function of uridine levels measured before the time bin. The yellow line represents the best quadratic fit across all time

points and conditions; the p value refers to this quadratic effect (Table S25).
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reproduce the expected basal and post-prandial signature of all

our markers but found no significant effect of any kind relating to

the UMP supplementation compared with placebo.

In summary, although we observed a typical dynamic post-

prandial regulation of the investigated parameters in our groups

of participants, we could not detect in either of our studies an influ-

ence of UMP administration on a selection of metabolic markers

usually associatedwithuridine. It is thereforeunlikely that theeffect

of UMP supplementation of food behavior we depicted in the pre-

vioussection ismediatedby thosemetabolites.While thisnegative

result might seem at odd with previous literature in animals,7,20,21

those studies used much higher doses (one or two orders of

magnitude more than in our studies) and/or reported effects only

after repeated uridine administration over multiple days or weeks.

Overall, our data suggest that while a single (low) dose of UMP,

which elevates uridine within the physiological range, might not

immediately alter glucose metabolism and leptin signaling, it can

altermodulatorymechanisms of food intake thatmight contribute,

in the long term, to metabolic dysregulation.

Supraphysiological concentrations of circulating
uridine do not alter intake behavior
To further explore the pharmacological properties of UMP, we

analyzed the participants’ intake behavior after a larger dose of

the supplement (study [1 g]). The oral administration of 1 g of

the drug largely and durably increased uridine levels compared

with the placebo condition (time 3 intervention: F(2, 103.1) =

108.9, p < 0.001, u2 = 0.67; Figure 5A; Tables S35 and S36). In

particular, the uridine level reached a peak at 2 h (12.5 + 2.8),

way outside the physiological range and around 4-fold higher

than in the placebo condition.

Again, the drug response does not depend on absolute body

composition or gender (all p > 0.397; Table S35).

Applying the same analysis as for the 0.5 g dose regimen did

not reveal any significant effect on hunger or food intake

(Tables S37 and S38), hinting at a non-uniform role of blood uri-

dine. Pooling data across time points and conditions, however,
revealed that the relationship between uridine level and food

intake in the ensuing 2 h followed a typical inverted U shape

(quadratic effect, F(1,128.7) = 5.6, p = 0.021,u2=0.03; Figure 5B;

Table S39). Here, the threshold at which uridine starts to lose its

influence on food intake is �8.50 mM, strikingly close to the

maximum of the observed physiological range. Thus, while uri-

dine levels indeed positively predict food intake when in the

physiological range, this effect reverts when circulating uridine

reaches larger values. Overall, our results demonstrate that the

influence of uridine on intake behavior exhibits an inverted

U-shape dose-response curve, suggesting that the capacity of

UMP supplementation to exert its positive effect on caloric

intake is limited by the otherwise tightly regulated physiological

range of circulating uridine.

Our results evidence that uridine plays a relevant role in the

control of food intake in humans. More precisely, circulating uri-

dine implements a negative feedback loop contributing to the

maintenance of energetic balance: when fasted, uridine levels

are high and stimulate hunger and consequently food intake;

when calories are ingested, its levels decline and thus reduce

the sensation of hunger to limit caloric ingestion. These findings

suggest that the reciprocal link between uridine and energy

intake previously identified in murine models6,7 can be readily

translated to humans. The fact that uridine participates in the

short-term regulation of caloric intake raises the question of its

role in the maintenance of body weight in the long term.

Obesity and insulin resistance are usually linked to chronically

elevated uridine levels both in animals and humans, and the

long-term administration of uridine is associated with the induc-

tion of metabolic disorders.16,20 In contrast to this steady-state

association, we do not find a direct link between acute UMP

administration and insulin or leptin dynamics; instead, we reveal

the importance of the dynamical modulation of uridine levels by

energy intake to control food intake. Interestingly, a high-fat diet

blunts such uridine fluctuations induced by fasting-refeeding in

wild-type mice.7 Moreover, obesity is connected to a disruption

of the post-prandial decrease in blood uridine concentrations not
Cell Reports Medicine 4, 100897, January 17, 2023 7



Report
ll

OPEN ACCESS
only in mice7 but also in humans with BMIs >50 m/kg2.17 Overall,

these impairments in blood uridine control in obesity suggest

that the integrity of the uridine modulatory mechanisms by

food intake might be necessary to sustain a healthy energy bal-

ance in the long run.

By demonstrating the importance of uridine dynamics for the

regulation of food intake in humans, our results accentuate the

need to further disentangle the mechanisms governing uridine

levels in humans and provide the impetus for additional research

addressing its role in body weight control and obesity. Other

physiological pathways potentially modulated by uridine, like

fatty acids or mitochondrial function, are particularly enticing av-

enues of investigation.

Conclusion
Using two interventional studies, we demonstrate that serum uri-

dine (1) adapts dynamically to caloric intake, operating as a nega-

tive feedback loop controlling caloric ingestion, and (2) can be

stimulated by acute oral administration of UMP to boost—when

in the physiological range—both hunger and food intake without

acutely altering glucose metabolism or leptin signaling. Collec-

tively, our results evidence the relevance of uridine in the stimula-

tion of food intake in humans. Although numerous challenges still

need to be addressed—untangling the relative role of basal

versus dynamically changing levels of uridine, for instance—

this pathway emerges as a promising therapeutic target for treat-

ing general dysfunctions of human intake behavior.

Limitations of the study
A limitationof our studymaybe its small sample size and the lackof

prospective registration, which was not requested by the ethical

board of the University of Cologne at the time they reviewed the

study plans. Additional larger, prospectively designed studies are

needed to confirm our results. Furthermore, a shortcoming in the

estimation of participants’ metabolic needs relates to our data be-

ing solely based on body composition. Indirect calorimetry ac-

counting for measurements of respiratory gas exchange would

be better suited to assess metabolic rate. Finally, to initially define

a function of circulating uridine in control of food intake in humans,

weso faronlymeasured theconsequencesofasingledoseofUMP

on food behavior, leaving open the question of the effect of UMP

supplementation in the long term.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Uridine-50-Monophosphoric Acid,

Disodium (50-UMP, Na2)

pharmaWaldhof Product code 2432

CAS No. 3387-36-8

Critical commercial assays

Ultrasensitive Insulin ELISA (Human) DRG Diagnostics GmbH Cat# EIA-2337

Leptin ELISA (Human) DRG Diagnostics GmbH Cat# EIA-2395
RESOURCE AVAILABILITY

Lead contact
Further requests for information should be directed to and will be answered by Prof. Dr. Marc Tittgemeyer, Max-Planck-Institute for

Metabolism Research, Gleueler Str. 50, 50931 Cologne, Germany marc.tittgemeyer@sf.mpg.de.

Materials availability
This study did not generate new unique reagents.

Data and code availability
Rawdata reported in this paper will be shared by the lead contact upon request. The request necessitates that the purpose of data re-

analysis is in line with the study aims as approved by the ethics review board (see text) and participants consent. Furthermore, con-

sent to data privacy needs to be assured by signing an agreement form accordingly. This paper does not report original code. Any

additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human participants
All participants (Study [1 g]: n = 22, BMI 22.6 kg/m2 (±0.5), age 24.1 (±0.6) years; Study [0.5 g]: n = 17, BMI 22.7 kg/m2 (±0.4), age 25.1

(±0.9) years, Table 1) were recruited from a preexisting database maintained at the Max-Planck-Institute for Metabolism Research.

Healthy, non-smoking volunteers of normal weight (BMI 20–25 kg/m2) and between the age of 18–39 years without any history of

neurological, psychiatric, metabolic, or eating disorders were invited to participate in the study. We excluded volunteers on special

diets, or with any known food allergy and food sensitivities such as gluten or lactose intolerance. Dysphagia and acute diseases, e.g.

common cold, affecting food intake were also reasons for exclusion. The local ethics committee of the Medical Faculty of the Uni-

versity of Cologne approved the study (Cologne, Germany; No. 15–096). All subjects gave written informed consent to participate in

the study prior to any study-related activities. Participants received an expense allowance of 10 Euros/hour. They were also informed

after the second testing day about the measurement of their food intake.

Study design
This study comprised two separate studies, which were each set up as a monocentric, within-subject (cross-over), double-blinded,

controlled interventional studies each comprising of two testing days. On one of the testing days, participants received either 0.5 g or

1 g of the food supplement Uridine-50-Monophosphoric Acid, Disodium (UMP; Pharma Waldhof GmbH, D€usseldorf, Germany; 98%

puritymeasured byHPLC according to product specification sheet) dissolved in 0.2L of orange juice (Orangensaft ReweBesteWahl);

on the other testing day, orange juice was served pure as the placebo control condition. The order of the conditions was balanced

across participants by pseudo randomization. Testing days were at least 48 h apart to ensure sufficient washout time between both

interventions as based on pharmacokinetics of oral uridine supplementation.22

Study [0.5 g]

Participants arrived fasted (since 10 p.m. the night before) at the testing site at 8 a.m. and a baseline blood sample was taken. They

then received a standardized breakfast (686 kcal) along with the UMP/placebo juice. Next, the body composition was analyzed on an

impedance scale (see below) and participants were asked to fill in a general questionnaire about their activities the day preceding the

testing day. Further blood samples were taken after 2 h (10.00 a.m.) and 3.5 h (11:30 a.m.). A personal buffet, from which participants
e1 Cell Reports Medicine 4, 100897, January 17, 2023
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could serve themselves ad libitum, was served at 11:30 a.m. and refilled every 1.5 h until 17:30 p.m. Each refill was done by taking all

the dishes away from the experimental room and bringing them back full, which gave the opportunity to measure the amount of food

missing out of view from the subject. Participants were asked to rate their state (hunger, warm/cold; see below) on a continuous visual

analogue scale (VAS, see below) at 8 a.m., 10 a.m., and every 1.5 h from 11:30 a.m. onwards. Behavioral tasks lasting 15 min were

used as a distraction at 11:15 a.m., 12:30 p.m., 2 p.m., and 3:30 p.m. The experiment ended at 17:30 p.m. with a short debriefing

(Figure 1B).

Study [1 g]

The second study followed the same general structure with some variations. As for study [0.5 g], participants arrived fasted at the

testing site at 8 a.m. After the baseline blood sample, previous activity questionnaire, and the body composition measurement, par-

ticipants were incited to drink a glass of orange juice, either pure or containing the 1 g dose UMP, and directly accessed the personal

buffet. Further blood draws followed after 2 h (10 a.m.) and 4 h (12 a.m.). Participants rated their state on a VAS scale every hour, while

food intake was measured every 2 h. The experiment ended at 2 p.m. with a short debriefing (Figure 1A).

METHOD DETAILS

State ratings
Continuous 100 mm visual analogue scales (VAS) were used to assess internal state ratings as previously described by Wewers and

Lowe 1990.23 The left anchor (0mm) representing a low extreme value (e.g. ‘‘gar nicht hungrig’’, i.e. ‘‘not hungry’’) and the right anchor

(100 mm) representing the high extreme value (e.g. ‘‘sehr hungrig’’, ie. ‘‘extremely hungry’’). Participants were asked to indicate their

perceived internal state by drawing a straight line on the scale, between the two anchors.

Apart from hunger, satiety, and appetite ratings, the VAS evaluation contained other states both as controls and to disperse the

attention away from food intake, namely: Study [0.5 g] stressed, relaxed, tired, energetic, thirsty, bored, cold, able to concentrate,

awake, warm, annoyed; Study [1 g] feeling good, bored, cold, warm, thirsty, relaxed, stressed, tired.

Questionnaires
Entry

At the beginning of each testing day, participants provided their activities on the day before.

In study [0.5 g], this activity questionnaire covered meals (dinner and food intake after dinner), alcohol consumption, and sport the

day prior to the testing day, as well as physical activity when reaching the testing site. In study [1 g], the questionnaire was identical to

study [0.5 g], except meals questions concerned breakfast, lunch, dinner, and snacks, and also included an evaluation of the stress

level.

Debriefing

In a second questionnaire (debriefing), participants were asked to report about their planned activities and their food intake behavior.

In study [0.5 g], participants were asked if they thought they had received UMP or placebo, what their evening plans were, and

the activities they engaged with during the testing period. The questionnaire of the second testing day also enquired of the par-

ticipants if their evening plans affected their food intake during the experiment and if they had noticed that their food intake had

been measured.

In study [1 g], the debriefing questionnaire was handed out at the end of the second measurement day only. Participants were

asked to rate the buffet and to indicate reasons for their food intake (such as hunger, appetite, boredom) on both testing days.

English translations of all questionnaires can be found in the supplemental material.

Buffet, standardized breakfast, and food intake measuring
In both studies, participants were housed in separate rooms, without direct social interaction. Each participant was served an indi-

vidual buffet, consisting of typical meal options in Germany, from which they were allowed to serve themselves ad libitum. In order to

measure the actual food intake, the buffet refill was performed in absence of the participant allowing the experimenters to weigh

(study [0.5 g]) or count (study [1 g]) each food item without the participant’s knowledge.

Study [0.5 g]

The study with 0.5 g of UMP study started with a standardized breakfast (Table S3). Later, the participant accessed a buffet consist-

ing of warm (vegetarian or meat ravioli, depending on the participant’s preference) and cold (rice pudding, sour cherries, and a cin-

namon-sugar-mixture) dishes (see Table S4 for details), and included four 1-L bottles of mineral water with the option of refill. The

buffet was refilled every 1.5 h between 11:30 a.m. until 5:30 p.m. Prior to the experiment, participants underwent a pretesting pro-

cedure during which they rated all food items on a scale from 1 to 10. Only subjects who rated the main dishes (ravioli and rice pud-

ding) above average were included in the study.

Study [1 g]

In the study with 1 g of UMP, the buffet consisted of a selection of cold dishes and drinks (Table S2). Food intake wasmeasured every

2 h between 8 a.m. and 2 p.m. by counting the missing items. No breakfast was served prior to the buffet.
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Blood draws and analyses
Study [0.5 g]

Blood samples were taken at 8:00 a.m., 10:00 a.m. and 11:30 a.m. using an S-Monovette with Lithium-Heparin-Gel (SARSTEDT AG&

Co. KG, Nuembrecht, Germany). Blood samples were centrifuged (1200 g, 10 min at 4�C), plasma was aliquoted and frozen at-20�

and then �80C until further processing.

Study [1 g]

Blood samples were taken at 8:00 a.m., 10:00 a.m., and 12:00 p.m. using an S-Monovette with Lithium-Heparin-Gel (SARSTEDT

AG & Co. KG, Nuembrecht, Germany). Blood samples were centrifuged (1200 g, 10 min at 4�C), serum was aliquoted and frozen

at �20� and then - 80C until further processing.

Glucose measurement
Serum glucose levels were measured by the Clinical Chemistry Department of the University Hospital Cologne applying an opto-

metric procedure.

Insulin and leptin measurements
Human insulin and leptin concentrations after placebo or Uridine treatment were determined according to the manufacturer’s (DRG

International, Inc.) kit instructions, using an ultrasensitive insulin (EIA-2337) and leptin sandwich ELISA (EIA-2395) assays respec-

tively. For insulin measurements, 5 mL of serum samples were diluted 1:5 using calibrator 0 provided in the kit. Briefly, samples

were incubated on a plate shaker (700–900 rpm) for an hour at RT with 100 mL of enzyme conjugate. Samples were then washed

and incubated in 200 mL of substrate TMB for 30 min at RT. Finally, 50 mL of stop solution was added to each sample and read at

450 nm using a spectrophotometer. For leptin measurements, serum samples were undiluted. Samples were incubated with assay

buffer provided in the kit for 2 h at RT. 100 mL of antiserumwas added to each sample and incubated for 30min at RT. Further, 100 mL

of enzyme complex was added to each sample and incubated for 30 min at RT. 100 mL of substrate solution and incubated for 15 min

at RT. Finally, 50 mL of stop solution was added to each sample and read at 450 nm using a spectrophotometer.

A standard curve is constructed for each ELISA by plotting the absorbance (Y axis) obtained from each standard against its con-

centration absorbance value (X axis). Serum insulin and leptin concentrations were determined using the absorbance value and the

corresponding concentration from the standard curve.

Sample preparation for uridine measurement
Study [0.5 g]

For each plasma sample, an aliquot of 50 mL was extracted in 850 mL of pre-cooled (�20�C) extraction buffer (UPLC-grade actoni-

trile:methanol:water [40:40:20 v/v]), which was spiked with 50 ng/mL uridine d2 as an internal standard. The sample was immediately

vortexed until the plasma was homogenously suspended and samples were incubated for 30 min on an orbital mixer at 4�C and

1500 rpm, before sonicating them for 10 min in an ice-cooled bath-type sonicator. After sonication samples were centrifuged for

10 min at 21.1003 g at 4�C and the cleared supernatant was transferred to fresh 1.5 mL Eppendorf tubes and concentrated to dry-

ness using a Speed Vac concentrator (www.eppendorf.com).

Parallel to the analytical samples, we prepared reference samples which were essentially extracted as described above. These

reference samples contained 50 mL of plasma, which were differentially spiked with distinct concentrations of the internal standard

(uridine d2 calibration curve).

Study [1 g]

Serum was deproteinized as follows: ice-cold perchloric acid (final concentration of 0.5 M) was added to the serum followed by a

5 min incubation on ice. Following centrifugation (13,000 g, 2 min at 4�C), the supernatant was collected and subjected to additional

centrifugation (13,000 g, 2 min at 4�C). Supernatants were kept at �20�C followed by immediate use for Ultra Performance Liquid

Chromatography (UPLC) analysis.

Ultra-performance liquid chromatography (UPLC) for uridine measurement
The standard curve is depictured in Figure S4.

Study [0.5 g]

For the mass spectrometric analysis of plasma uridine levels and the uridine d2 standard, the concentrated metabolite pellet was re-

suspended in 50 mL of UPLC grade water. 5 mL of the cleared supernatant of the re-suspended samples was analyzed on a UPLC

(Acquity iClass, Waters), using a HSST3 (1003 1.0 mm columnwith 1.8 mmparticle size, Waters) connected to a Xevo TQ-S (Waters)

triple quadrupole mass spectrometer.

The flow rate was set to 100 mL/min of buffer A (0.1% formic acid in UPLC grade water) and buffer B (0.1% formic acid in UPLC-

grade acetonitrile) using the following gradient: 0–1 min 99–90% A; 1–5 min 90–50% A; 5–6.5 min 50–1%A; 6.6–7.5 min 1% A; 7.5–

7.7 min 1–99% A. The column was re-equilibrated at 99% A for an additional 3.3 min.

The eluting metabolites were detected in positive ion mode using MRM (multi reaction monitoring) applying the following settings:

capillary voltage 2.0 kV, desolvation temperature 550�C, desolvation gas flow rate 800 L/h, cone gas flow 150 mL/min, collision cell

gas flow 0.15 mL/min. The following MRM transitions were used for relative compound quantification of uridine and uridine d2,
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respectively: m/z precursor mass (M + H+) 245/247, fragment mass (M + H+) m/z 113/115 using a cone voltage of 26/6V and a

collision energy of 16/10V. For confirmation purpose of the analyzed compound an additional transition of the precursor mass

(M +H+)m/z 245/247, fragment mass (M +H+)m/z 133/98 using a cone voltage of 26/6 and a collision energy of 16/32 was analyzed.

Data analysis, peak integration, and compound quantification were performed using the ‘TargetLynx’ Software (WatersTM).

Study [1 g]

For absolutequantification of serumuridine concentrationsanAcquityUPLC iClassSystem (Waters) connected toaXevoTQ-S (Waters)

wasused. SampleswereseparatedonanAcquityBEHC18column (Waters) 5032.1mm31.7mmcolumnat25�C.SolventAwas5mM

ammonium, 0.15% formic acid in UPLC-grade water (Sigma-Aldrich), while solvent B consisted of acetonitrile (VWR). The samples and

the standards were injected with 1 mL per sample. The separation was performed using a linear gradient from 98% to 90% A in 2.5 min

using a flow rate of 300 mL/min. After this short gradient, the columnwas washed composition at 0%A from 2.5 min to 3min, before re-

equilibrating the column for 2min at 98%A. The samplemanagerwas set to 8�Cand the TQ-SMSwasoperated in positiveMRMmode.

The source temperaturewas set to 150�C, thedissolving temperaturewas550�C, anddissolvinggaswas set to 800 L/h, conegas to150

L/h. The followingMRM transitions were used for uridinem/z 244.84 to 112.98 (quantifier),m/z 244.84 to 132.94 (qualifier) in both cases

thegaseswereset tocollision16Vandcone26V.Quantificationof theuridine levelswasperformedusing,asdescribed in the0.5gstudy,

using ‘TargetLynx’ (WatersTM). The calibration standards were freshly prepared before injection into solvent A.

Semi-targeted liquid chromatography-high-resolution mass spectrometry-based (LC-HRS-MS) analysis of amino
acids in serum
Amino acid levels of all timepoints were assessed using LC-HRMS. We measured levels of alanine, arginine, asparagine, aspartic

acid, cysteine, glutamic acid, glutamine, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, thre-

onine, tryptophane, tyrosine and valine.

The LC-HRMS analysis of amino acids was performed using an adapted benzoylchlorid-based derivatisation method.24

In brief: The polar fraction of the metabolite extract was re-suspended in 150 mL of LC-MS-grade water (Optima-Grade, Thermo

Fisher Scientific) and incubated at 4�C for 15 min on a thermomixer. The re-suspended extract was centrifuged for 5 min at 16.0003

g at 4�C and 50 mL of the cleared supernatant were mixed at RT in an auto-sampler vial with 25 mL of 100 mM sodium carbonate

(Sigma), followed by the addition of 25 mL 2% [v/v] benzoylchloride (Sigma) in acetonitrile (Optima-Grade, Thermo Fisher Scientific).

For the LC-HRMSanalysis, 1 mL of the derivatized samplewas injected onto a 1003 2.1mmHSST3UPLCcolumn (Waters). The flow

ratewas set to400mL/minusingabinarybuffer systemconsistingofbufferA (10mMammoniumformate (Sigma), 0.15%[v/v] formicacid

(Sigma) in LC-MS-grade water (Optima-Grade, Thermo Fisher Scientific). Buffer B consisted of acetonitrile (Optima-grade, Thermo

Fisher-Scientific). The column temperature was set to 40�C, while the LC gradient was: 0% B at 0 min, 0–15% B 0- 4.1 min; 15–17%

B 4.1–4.5 min; 17–55% B 4.5–11 min; 55–70% B 11–11.5 min, 70–100% B 11.5–13 min; B 100% 13 - 14 min; 100–0% B 14–

14.1min;0%B14.1–19min;0%B.Themassspectrometer (OrbitrapQ-ExactivePlus, ThermoFisherScientific)wasoperating inpositive

ionizationmode recording themass rangem/z 100–1000. The heatedESI source settings of themass spectrometerwere: Spray voltage

3.5kV, capillary temperature300�C,sheathgasflow60AU,auxgasflow20AUata temperatureof340�Cand thesweepgas to1AU.The

RF-lens was set to a value of 60. Semi-targeted data analysis for the samples was performed using the ‘TraceFinder’ software (Version

4.1, Thermo Fisher Scientific). The identity of each compound was validated and normalized using U-13C15N labeled amino acids

(MSK_A2-1.2, Cambridge Isotope Laboratories), which were added as internal standards during the metabolite extraction. Peak areas

of [M + nBz + H]+ ions were extracted using a mass accuracy (<5 ppm) and a retention time tolerance of <0.05 min.

Body composition
Body composition was analyzed using the SECA medical Body Composition Analyzer 515 (mBCA 515). Output measures included

lean body mass in kg and percent, fat mass in kg and percent, BMI, visceral fat in liters, intra- and extracellular water content. To

ascertain the quality of the body composition analysis, the output of the mBCA 515 was first evaluated against whole body fat

MRI measurements (for details see Figure S5).

Evaluation of impedance scale against whole body MRI
We evaluated our impedance scale (seca medical Body Composition Analyzer 515, mBCA 515) against a whole-bodyMRI-measure-

ment to ensure reliable estimation of the body composition, in particular percentage of lean and fat mass.

The whole-body MRI was performed on a 3TMAGNETOM Prisma (Siemens, Healthcare, Erlangen, Germany) with a gradient of 80

mT/m and a rate of up to 200T/m/s. A VIBE-sequence was used with a multi-station procedure, in which the whole-body volume was

split into several partial volumes, which were measured after each other and recomposed afterward. Each partial volume comprised

60 transversal slices. For most participants, 10 partial volumes were required. The protocol of the whole-body scan comprised.
voxel size in mm 1.6 3. 1.6 3 3

matrix size in pixle 320 3 312

Repetition time in ms 4

(Continued on next page)
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Echo time in ms 1.23/2.46

Flip angel in � 9

Bandwidth in Hz/Pixel 820

Measuring time in min 15
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We applied a linear regression model to test the amount of variance in MRI whole body fat percentagemeasurements explained by

fat percentage measurements on the mBCA 515 (see Figure S2).

FatPercentageWB � 0:945 � FatPercentagemBCA 515 + 16:6

WB = whole body

The high coefficient of determination r2 = 0.935 indicated that the impedance scalemBCA 515 can be used as reliable alternative to

assess body composition.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using RStudio version 1.4.171725; and R version 4.0.0.26; Repeated measures analyses were implemented as

mixed effect models and fitted via REML maximization using R’s ‘blme’ version 1.0–527; or ‘lmer4’ version 1.1–2128; package in

case of convergence problem. Significance was tested via type III analyses of variance (ANOVAs) using the ‘lmerTest’ package

version 3.1-0.29; We used so called ‘sum contrasts’ to guarantee the interpretation of main effects in the presence of interaction. Ef-

fect sizes were calculated using the package ‘effectsize’ version 0.4.5.30; Analyses without repeatedmeasures were implemented as

linear models and significance was tested via type III ANOVAs using the ‘car’ package version 3.0–3.31; Mediation analyses were

performed using the ‘mediation’ package version 4.5.0.32; All post-hoc analyses were performed with R’s ‘emmeans’ package

(version 1.6.0; https://CRAN.R-project.org/package=emmeans) using Sidak’s correction for multiple comparison or Bonferroni

correction if indicated as such. Statistical significance was reported at a level of p < 0.05. In order to avoid overfitting, the influence

of confounding factors was tested first and only trending (p < 0.10) were included in subsequent analyses. For all analyses, we report

in the Supplementary Material the formula of the model using the Wilkinson notation in addition to the degrees of freedom, F values,

and significance of the respective regressors.

ADDITIONAL RESOURCES

The study was registered in the German Clinical Trials Register (DRKS, Deutsches Register Klinischer Studien), registration number

DRKS00014874 (https://drks.de/search/en/trial/DRKS00014874). In addition, our study has been reported in clincialsite.org (SMS)

with the ID 2683.
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