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Introduction
Bariatric and upper gastrointestinal surgery exerts profound 
improvements in glucose metabolism and can even induce 
remission of type 2 diabetes (T2D) (1, 2), thus demonstrating the 
importance of the gastrointestinal tract as a key regulator of sys-
temic glucose metabolism. While the mechanisms responsible for 
these potent effects remain incompletely understood, contribu-
tors include altered postprandial nutrient delivery to the intestine, 
increased secretion of glucagon-like peptide 1 (GLP-1) by intestinal 
L cells, increased insulin secretion, intestinal mucosal adaptations, 
alterations in the gut-brain axis, and changes in bile acid content 
and composition (3, 4).

Despite the metabolic benefits of bariatric surgery, one increas-
ingly recognized and often severe complication of bariatric surgery 
is postprandial hypoglycemia, termed post-bariatric hypoglycemia 
(PBH). PBH is characterized by hypoglycemia with neuroglycope-
nia, typically developing 1–3 years or more postoperatively. Hypo-
glycemia is most commonly recognized 1–3 hours after meals (5), 
potentially related to the even greater increases in meal-stimulated 
GLP-1 and insulin secretion in patients with PBH as compared with 
unaffected post-surgical patients (5). Indeed, incretin hormone 
action can reduce postprandial insulin secretion and improve 
hypoglycemia (6). However, hypoglycemia may also occur with 
activity and during mid-nocturnal hours (7), suggesting addition-
al mechanisms unique to those affected by PBH. These include 
increased insulin-independent glucose uptake (8) and increased 
levels of the intestinally derived hormone FGF-19 (9). Given that 
this disorder represents a model of “extreme” modification of glu-
cose metabolism in response to bariatric/metabolic surgery, under-
standing the metabolic pathways perturbed in PBH may inform our 
understanding of intestinal regulation of glucose homeostasis and 
uncover new therapeutic targets for PBH and, more broadly, for 
nonsurgical approaches to improve systemic glucose metabolism.

BACKGROUND. Bariatric surgery is a potent therapeutic approach for obesity and type 2 diabetes but can be complicated by 
post-bariatric hypoglycemia (PBH). PBH typically occurs 1–3 hours after meals, in association with exaggerated postprandial 
levels of incretins and insulin.

METHODS. To identify mediators of disordered metabolism in PBH, we analyzed the plasma metabolome in the fasting state 
and 30 and 120 minutes after mixed meal in 3 groups: PBH (n = 13), asymptomatic post–Roux-en-Y gastric bypass (post-RYGB) 
(n = 10), and nonsurgical controls (n = 8).

RESULTS. In the fasting state, multiple tricarboxylic acid cycle intermediates and the ketone β-hydroxybutyrate were increased 
by 30%–80% in PBH versus asymptomatic. Conversely, multiple amino acids (branched-chain amino acids, tryptophan) and 
polyunsaturated lipids were reduced by 20%–50% in PBH versus asymptomatic. Tryptophan-related metabolites, including 
kynurenate, xanthurenate, and serotonin, were reduced 2- to 10-fold in PBH in the fasting state. Postprandially, plasma 
serotonin was uniquely increased 1.9-fold in PBH versus asymptomatic post-RYGB. In mice, serotonin administration lowered 
glucose and increased plasma insulin and GLP-1. Moreover, serotonin-induced hypoglycemia in mice was blocked by the 
nonspecific serotonin receptor antagonist cyproheptadine and the specific serotonin receptor 2 antagonist ketanserin.

CONCLUSION. Together these data suggest that increased postprandial serotonin may contribute to the pathophysiology of 
PBH and provide a potential therapeutic target.
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Fasting insulin and C-peptide were reduced in PBH and Asx 
groups compared with Ow/Ob, but did not differ between PBH and 
Asx. After meal ingestion, insulin and C-peptide levels increased 
markedly in PBH, returning to baseline by 2 hours (Supplemental 
Figure 1, B and C). Plasma GLP-1 was significantly increased in 
both surgical groups, with even higher levels in PBH at 30 min-
utes (209.3 vs. 125.8 pmol/L for Asx, P < 0.001; Supplemental Fig-
ure 1D). Gastric inhibitory polypeptide (GIP) levels did not differ 
between PBH and Asx, but GIP levels in Asx were higher than those 
in Ow/Ob at 30 minutes (P < 0.01) (Supplemental Figure 1E). Glu-
cagon levels did not differ in the fasting state but were higher after 
meals in both surgical groups (Supplemental Figure 1F). Plasma 
cortisol did not differ between groups (Supplemental Figure 1G).

Metabolite patterns differ in PBH. Unsupervised hierarchical 
clustering of the 189 metabolites detected at all 3 time points and 
with significant FDR less than 0.05 (F test) is presented in the 
heatmap in Figure 1A, with a full list of cluster components pro-
vided in Supplemental Table 2 and full statistical analysis in Sup-
plemental Table 3. As expected, ingestion of the mixed meal in 
nonsurgical controls resulted in decreased abundance of multiple 
lipid species and increased abundance of AAs at 30 minutes, with 
return to baseline at 120 minutes.

Exploratory analysis of these 189 metabolites revealed that 
158 metabolites were altered in Asx individuals versus nonsurgi-
cal controls, reflecting the impact of surgery (FDR < 0.25). Six-
ty-two metabolites were altered in PBH versus Asx post-surgical 
individuals, and 178 metabolites were differentially abundant 
in both comparisons. Interestingly, 19 of these 178 had opposite 
directionality between PBH and Asx, including adenine, oxalate, 
and hydroxyphenylpyruvate (Supplemental Figure 2, A–C). These 
findings support the concept that PBH is not simply an “extreme” 
example of post-surgical metabolic perturbations.

Pathway analysis was performed using the Fry function of 
the rotation gene set test (ROAST) in the limma R package. Mul-
tiple pathways were enriched (FDR < 0.25) in the comparison of 
PBH and Asx post-surgical groups (Figure 1, B–D). In the fasting 
state, pathways downregulated in PBH included spermidine/
spermine biosynthesis, tryptophan and methionine metabolism, 
phospholipid synthesis, and glycolysis (Figure 1B). After meals, 
both spermidine/spermine and methionine metabolism pathways 
remained downregulated at 30 minutes (Figure 1C). By 2 hours, 
enriched pathways were upregulated in PBH, including starch/
sucrose and pyruvate metabolism, gluconeogenesis, and citric 
acid cycle pathways (Figure 1D). Additional comparisons are pre-
sented in Supplemental Figure 3 (PBH vs. Ow/Ob) and Supple-
mental Figure 4 (Asx vs. Ow/Ob).

Correlation of metabolites with glucose. As expected, both AAs 
and lipids were highly correlated with glucose levels. The top 
metabolites that correlated with glucose in the fasting state (FDR 
< 0.05) (Supplemental Table 4) were AAs (Phe, Tyr, Met, Leu, Trp, 
His, Ala, and Asn), with similar patterns at 30 minutes. Additional 
metabolites correlating with glucose in the fasting state included 
NMMA (N-methylmalonamic acid), carnitine, UDP (uridine-5′- 
diphosphate), and oxalate. At 30 minutes, metabolites correlating 
with glucose included AAs (Leu, Met, Ile, Phe, Tyr, Gln, Pro, Arg, 
Trp, Gly, Ser, His, Val, Lys, Thr), citrulline, choline, NMMA, and 
ornithine, and the triglycerides C56:1, C48:0, and C50:0 (FDR < 

We hypothesized that additional perturbations in the metab-
olome unique to PBH could modulate key substrates for glucone-
ogenesis and/or other pathways contributing to hypoglycemia. 
We thus performed untargeted semiquantitative metabolomic 
analysis of plasma samples collected in the fasting state and at 30 
and 120 minutes after administration of a liquid mixed meal in 3 
groups of human volunteers: individuals with PBH, those without 
hypoglycemia after Roux-en-Y gastric bypass (RYGB) (asymp-
tomatic post-RYGB), and overweight/obese individuals without 
history of gastrointestinal surgery. We report that metabolic sig-
natures in PBH suggest an accelerated metabolic return to the 
fasting state, as evidenced by increases of multiple tricarboxylic 
acid (TCA) cycle intermediates and the ketone β-hydroxybutyrate. 
In addition, PBH is characterized by reduction in fasting plasma 
levels of amino acids (AAs), multiple lipid species, and tryptophan 
intermediates including kynurenate, xanthurenate, and serotonin. 
Moreover, plasma serotonin levels are uniquely increased in the 
postprandial state in patients with PBH. We demonstrate that 
serotonin administration in mice increases insulin and GLP-1 lev-
els and reduces plasma glucose; these effects are blocked by the 
nonspecific serotonin antagonist cyproheptadine. Moreover, the 
serotonin receptor 2 antagonist ketanserin abolished the impact 
of serotonin to induce hypoglycemia. Together these data suggest 
that increased postprandial serotonin may contribute to the patho-
physiology and provide a new therapeutic target for PBH.

Results
Clinical parameters. Demographic information was self-reported 
by participants and is provided in Supplemental Table 1 (sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI180157DS1). Participants were a subset from a 
prior study (5) for whom pristine residual samples were available 
for analysis. These included 13 individuals with PBH (11 female, 
2 male; mean age 48 ± 11, BMI 30.6 ± 4.9, 3.1 ± 1.6 years post-
RYGB), 10 individuals post-RYGB without symptomatic hypogly-
cemia (Asx) (8 female, 2 male; age 48 ± 8, BMI 29.9 ± 4.4, 2.6 ± 1.0 
years post-RYGB), and 8 overweight/obese individuals without 
T2D and without history of gastrointestinal surgery (Ow/Ob) (5 
female, 2 male; age 48 ± 9, BMI 41.8 ± 10.8). Hemoglobin A1c did 
not differ between groups. Fasting glucose, insulin, triglycerides, 
homeostatic model assessment for insulin resistance (HOMA-
IR), and Matsuda index were significantly lower, and HDL sig-
nificantly higher, in both surgical groups as compared with non-
surgical Ow/Ob individuals, consistent with improved glucose 
metabolism and insulin sensitivity postoperatively, but did not 
differ between PBH and Asx.

During mixed meal testing, nonsurgical participants displayed 
the expected meal-related rise in glucose with return to baseline 
by 120 minutes. However, patterns were distinct in the asymp-
tomatic post-surgical patients, with greater glycemic excursions 
versus controls; participants with PBH had lower glucose levels 
at 30 minutes versus asymptomatic (128 ± 32.3 mg/dL vs. 162 ± 
38.3 mg/dL at 30 minutes, P = 0.019; Supplemental Figure 1A). At 
2 hours, PBH and Asx glucose levels were similar, but significantly 
lower than in nonsurgical individuals (PBH 68.7 ± 11.3 mg/dL; Asx 
70.3 ± 8.6 mg/dL; Ow/Ob 98.3 ± 11.4 mg/dL; P < 0.001 for both 
PBH vs. Ow/Ob and Asx vs. Ow/Ob).
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Figure 1. Metabolite abundance in individuals with PBH, Asx, and Ow/Ob in the fasting state and at 30 and 120 minutes after mixed meal inges-
tion. (A) Heatmap of z-scored log2-transformed metabolite abundance for the top 190 most altered metabolites between groups, with unsupervised 
hierarchical clustering of rows. Cluster annotations include lipid species (clusters 1–6), amino acids (AA; cluster 7), tryptophan metabolites (cluster 
8), carnitines (CAR; cluster 9), and tricarboxylic acid (TCA) cycle metabolites (cluster 10). (B–D) Pathway enrichment analysis for PBH versus Asx indi-
viduals in the fasting state and 30 and 120 minutes after meal ingestion, respectively. Downregulated pathways are colored blue, while upregulated 
pathways are colored red. The –log10 P value for enrichment is represented on the x axis; the vertical line indicates nominal P less than 0.05.
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80% in PBH versus Asx (P = 0.04, FDR < 0.25) and more than 3-fold 
in comparison with Ow/Ob (P < 0.001, FDR = 0.01). These differ-
ences remained at 120 minutes (Supplemental Figure 6H).

Bile acids have been proposed as mediators of glycemic 
improvement after RYGB (4), potentially via effects to increase 
both incretin hormones and FGF-19 (4, 10). Fasting levels of the 
conjugated bile acid taurocholate were 2.5-fold higher in PBH ver-
sus Asx (P = 0.03, FDR = 0.22) (Supplemental Figure 6I). Howev-
er, there were no significant differences in fasting or postprandial 
levels of other measured bile acids in PBH versus asymptomatic 
post-surgical participants (4, 9, 11).

Biomarkers of insulin resistance and T2D are decreased in PBH. 
Previous studies have identified metabolite biomarkers of insulin 
resistance and risk for T2D (12, 13). These include AAs (branched-
chain AAs, Phe, and Tyr), and triglyceride species characterized 
by lower carbon number and double bond content (14). Indeed, 
post-surgical individuals had reductions in these biomarker AAs 
and lipids, consistent with improved metabolism after RYGB, 
with further reductions in PBH. Moreover, α-hydroxybutyrate, an 
organic acid derived from α-ketobutyrate (produced by AA catab-
olism) and associated with insulin resistance, was 30% lower in 
PBH at both fasting (P = 0.03, FDR = 0.21) and 30 minutes after 
meals (P = 0.03, FDR = 0.22), as compared with Asx (Supplemen-
tal Figure 7A). Likewise, 2-aminoadipate, a product of lysine deg-
radation associated with insulin resistance (13, 15), was also 6-fold 
lower in PBH versus Asx (P = 0.001, FDR = 0.04) in the fasting 
state (Supplemental Figure 7B).

Levels of B-complex vitamins are reduced in PBH. B-complex vita-
mins play important roles as cofactors for key reactions in cellular 
metabolism. Several water-soluble B vitamins, including niacina-
mide (B3) and pantothenate (B5), were decreased 2-fold in the fast-
ing state in PBH versus Asx (P < 0.05 for all, FDR < 0.25). Pantoth-
enate was also 2-fold lower at 30 and 120 minutes (P < 0.01 for both, 
FDR < 0.05) (Supplemental Figure 7, C and D). Moreover, fasting 
glucose was positively correlated with levels of both vitamins B3 
(fasting: r = 0.48, P = 0.02, FDR 0.11) and B5 (fasting: r = 0.52, P = 
0.009, FDR = 0.07; 30 minutes: r = 0.49, P = 0.017, FDR = 0.14).

AA levels are reduced in PBH in the fasting state. In the fasted 
state, 10 AAs were significantly reduced in PBH as compared with 
both asymptomatic and nonsurgical groups. Leucine, isoleucine, 
valine, alanine, tryptophan, phenylalanine, threonine, tyrosine, 
methionine, and asparagine were reduced by 17%–29% (P < 0.05, 
FDR < 0.25) in PBH versus Asx and Ow/Ob groups (Figure 3, A–J). 
After meal ingestion, AA levels increased markedly in both surgical 
groups, but only leucine, tryptophan, and phenylalanine remained 
lower in PBH as compared with Asx. AA levels for each participant 
are presented in Supplemental Figure 8. Notably, the reductions 
in AAs in PBH included both essential and non-essential AAs, 
and both gluconeogenic (e.g., Ala) and ketogenic (e.g., Leu) AAs. 
Arginine abundance was increased in both PBH and Asx compared 
with Ow/Ob (Figure 3K), while glutamine did not differ between 
groups (Figure 3L). The sum of all AAs was strongly positively cor-
related with glucose in the fasting state (r = 0.78, P = 0.001) and at 
30 minutes (r = 0.59, P = 0.033); these correlations did not remain 
at 120 minutes (r = 0.07, P = 0.82) (Figure 3, M–O). The top-ranking 
specific AAs correlated with glucose levels both in the fasting state 
and at 30 minutes are provided in Supplemental Figure 9.

0.05). There were no metabolites significantly correlating (FDR < 
0.05) with glucose at 120 minutes (Supplemental Table 4).

Given that hypoglycemia typically develops 2–3 hours after 
meals, we asked whether metabolites present in the fasting state 
correlated with post-meal glucose. While relationships were not 
as robust as for the matched-time analyses, fasting levels of 17 
metabolites were positively correlated with glucose at 120 min-
utes, including lactate, AAs (Gln, Pro, Trp, Tyr, betaine), carni-
tine, and multiple lipids (lysophosphatidylcholine [LPC] 18:0, 
18:2, 20:3, and 22:6; lysophosphatidylethanolamine [LPE] 18:1 
and 22:6) (FDR < 0.25) (Supplemental Figure 5).

Plasma levels of TCA cycle intermediates are increased in PBH. 
Hypoglycemia ultimately may reflect interaction between exces-
sive insulin secretion, inadequate counterregulatory hormone lev-
els and/or action, reduced glycogen stores, and inadequate sub-
strate or activity within gluconeogenic pathways. As noted above, 
multiple AAs were reduced in PBH, potentially contributing to 
reduced formation of intermediates such as pyruvate (alanine), 
acetyl-CoA (tryptophan, tyrosine, leucine, isoleucine, and phenyl-
alanine), and succinyl-CoA (methionine, valine, and threonine). 
We interrogated metabolite patterns in central glucose metabolic 
pathways, projecting differences in PBH onto a pathway map at 
each time point (Figure 2).

In the fasting state (Figure 2A), PBH was characterized not 
only by decreased levels of glucose (20% lower, P = 0.001, FDR 
= 0.04) but also by decreases in gluconeogenesis intermediates 
such as glucose-6-phosphate (40% reduction, P = 0.02, FDR = 
0.18) and pyruvate (80% lower, P < 0.0001, FDR = 0.003). Con-
versely, TCA cycle intermediates such as aconitate, isocitrate, and 
succinate were increased by 30% in PBH versus Asx in the fasting 
state (P < 0.05 for all, FDR < 0.25). Moreover, the ketone β-hy-
droxybutyrate was increased by 80%, as noted above (fold change 
= 1.8, P = 0.04, FDR < 0.25).

At 30 minutes after meals, only glucose and pyruvate remained 
lower (20% and 50% lower, P < 0.01, FDR < 0.1), and isocitrate 
remained higher (30% higher, P = 0.009, FDR = 0.14), in PBH 
versus Asx (Figure 2B). At 2 hours, 3-phosphoglycerate was 2-fold 
higher (P = 0.002, FDR = 0.002), while several TCA intermediates 
were again higher in PBH, including 30%–40% increases in aconi-
tate, isocitrate, and malate (all P < 0.01, FDR < 0.01) (Figure 2C).

Lipid, ketone, and bile acid metabolism is perturbed in PBH. Mul-
tiple lipid species were decreased in both surgical groups at 30 
minutes, consistent with postprandial rises in insulin secretion. 
Additional lipid species differentially abundant in PBH versus 
Asx included LPE 20:4 and C22:6, LPC C22:6, and triacylglycer-
ol (TAG) C50:5, C54:5, and C56:7, all of which were decreased by 
30%–50% in PBH versus Asx (P < 0.05, FDR < 0.25) (Supplemen-
tal Figure 6, A–F). By contrast, C56:1 TAG was markedly increased 
in PBH versus Asx at 30 and 120 minutes (29- and 59-fold higher, 
P = 0.01, FDR < 0.25 for both; Supplemental Figure 6G). In agree-
ment, abundance of C56:1 TAG was inversely correlated with glu-
cose levels at both 30 (r = –0.67, P = 0.01) and 120 minutes (r = 
–0.65, P = 0.02) in PBH, but not in the fasting state.

Ketones, produced in the liver from 2-carbon products of β-ox-
idation, can be utilized by some tissues as an alternative fuel when 
glucose availability is limited, as with prolonged fasting. Interesting-
ly, the ketone β-hydroxybutyrate was increased in the fasting state by 
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(Figure 4). For example, tryptophan levels were 40% lower in 
the fasting state in PBH versus Asx (P = 0.003, FDR = 0.06), and 
20%–30% lower at 30 and 120 minutes (P = 0.028 and 0.019, 
respectively, FDR < 0.25) (Figure 4A). Similarly, kynurenic acid 
was reduced by 70% at all 3 time points (P < 0.01 for all, FDR < 

Serotonin levels are uniquely increased in the postprandial state 
in individuals with PBH. Both pathway and individual metabolite 
analysis revealed differential abundance of tryptophan pathway 
intermediates in PBH, including tryptophan itself and its down-
stream metabolites kynurenic acid, xanthurenate, and serotonin 

Figure 2. Model demonstrating the metabolites of the glycolysis, gluconeogenesis, and TCA cycle pathways during mixed meal tolerance test. Individu-
als with PBH and Asx are compared in the fasting state (A) and at 30 minutes (B) and 120 minutes (C) after mixed meal ingestion. Metabolites are colored 
blue if decreased (nominal P < 0.05), red if increased (nominal P < 0.05), and white if unchanged in PBH versus Asx.

https://doi.org/10.1172/JCI180157
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Figure 3. Abundance of 12 plasma AAs in PBH, Asx, and Ow/Ob individuals in the fasting state and at 30 and 120 minutes after mixed meal inges-
tion. (A–L) Abundance of leucine (A), isoleucine (B), valine (C), alanine (D), tryptophan (E), phenylalanine (F), threonine (G), tyrosine (H), methionine (I), 
asparagine (J), arginine (K), and glutamine (L). (M–O) Correlation between glucose levels and sum of AA abundance in the fasting state (red, M) and at 30 
minutes (red, N) and 120 minutes (red, O) after meal. Data are mean ± SD. *,#,$P < 0.05; **,##P < 0.01; ###P < 0.001. Two-way ANOVA with Tukey’s multi-
ple-comparison test was performed.

https://doi.org/10.1172/JCI180157
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0.25), while xanthurenate was 8-fold lower in the fasting state (P = 
0.003, FDR = 0.06) and 6-fold lower at 2 hours (P = 0.008, FDR < 
0.01) (Figure 4, B and C).

Serotonin levels were 10-fold lower in the fasting state in PBH, 
as compared with Asx (P = 0.019, FDR = 0.16) (Figure 4D). Inter-
estingly, serotonin patterns in response to meal ingestion were 
distinct in PBH, increasing 3.2- and 4.7-fold at 30 and 120 min-
utes, respectively; by comparison, serotonin levels decreased after 
meal ingestion in Asx and nonsurgical groups.

To confirm alterations in serotonin dynamics in PBH, we ana-
lyzed serotonin using ELISA on samples collected in the fasting 
state and at 30 and 120 minutes after a meal originating from a new-
ly recruited cohort described in Supplemental Table 5. Consistent 
with the metabolomics data, serotonin levels in individuals with 
PBH increased 1.9-fold after a meal (P < 0.001), whereas Asx and 
Ow/Ob patients had a 1.4- to 1.6-fold (P < 0.001 for both) decrease 
in serotonin levels over the same time course (Figure 4E). Serotonin 
levels for each participant are presented in Figure 4, F–H, demon-
strating the distinct responses in all individuals with PBH.

Correlation analysis between metabolites and glucose levels 
during mixed meal tolerance test showed that tryptophan was cor-
related with glucose in the fasting state (r = 0.67, P < 0.001) and 
at 30 (r = 0.65, P < 0.001) and 120 minutes (r = 0.47, P = 0.023) 
(Supplemental Table 4). While there was no correlation between 
serotonin (measured by metabolomics assay) and glucose (Sup-
plemental Table 4), plasma serotonin, measured by ELISA, was 
inversely correlated with glucose at 120 minutes after the meal in 
PBH (r = –0.78, P = 0.007) (Supplemental Figure 10).

To exclude the possibility that high plasma insulin or low glu-
cose levels could contribute to observed increases in serotonin in 
the postprandial state, we analyzed serotonin levels in response 
to hyperinsulinemic-hypoglycemic clamps in PBH, Asx, and Ow/
Ob participants (Supplemental Figure 16A). Consistent with the 
design of the clamp, plasma glucose levels at 100 minutes were 
similarly reduced in all groups (PBH: 51 ± 7 mg/dL; Asx: 51 ± 7 mg/
dL; Ow/Ob: 53 ± 5 mg/dL; Supplemental Figure 16B). However, 
serotonin levels did not differ between groups, either in the fasting 
state (PBH: 103 ± 57 ng/mL; Asx: 152 ± 73 ng/mL; Ow/Ob: 174 ± 81 
ng/mL) or during experimental hypoglycemia (PBH: 142 ± 72 ng/
mL; Asx: 119 ± 89 ng/mL; Ow/Ob: 187 ± 53 ng/mL) (Supplemen-
tal Figure 16C). Similarly, serotonin levels did not change after 
insulin injection in mice (2 U/kg, i.p.) (Supplemental Figure 16, D 
and E) as compared with equal-volume saline at either 15 minutes 
(insulin: 430 ± 166 ng/mL; vs. saline: 344 ± 56 ng/mL) or 30 min-
utes (insulin: 344 ± 87 ng/mL; vs. saline: 351 ± 175 ng/mL) (Sup-
plemental Figure 16F). Together, these results in both humans and 
mice suggest that hyperinsulinemia or hypoglycemia per se is not 
likely to mediate increases in postprandial serotonin in PBH.

Serotonin induces hypoglycemia in mice. Given that serotonin 
levels were uniquely increased in the postprandial state in indi-
viduals with PBH (4.7-fold at 120 minutes), and not influenced 
by experimental hypoglycemia or hyperinsulinemia, we sought 
to determine whether serotonin could modulate glucose levels in 
vivo in healthy C57BL/6J mice. We injected wild-type mice with 
serotonin (20 mg/kg, i.p.) or an equal volume of saline (Figure 5A). 
In serotonin-injected mice, serotonin levels increased rapidly to a 
peak of 539 ng/mL at 30 minutes (Figure 5B). To determine the 

impact of serotonin on glucose metabolism, we measured blood 
glucose at baseline and at 15, 30, and 60 minutes. Glucose levels 
were significantly reduced in serotonin-injected male mice at 15 
(–39%, P < 0.001), 30 (–43%, P < 0.002), and 60 minutes (–44%, 
P < 0.018) (Figure 5C), with reductions of similar magnitude in 
females (–29% at 15 minutes, P < 0.001; –48% at 30 minutes, P 
< 0.001; and –48% at 60 minutes, P = 0.005) (Supplemental Fig-
ure 11). We next assessed whether serotonin-induced reduction 
in glucose was mediated by an insulin-dependent mechanism; 
plasma insulin increased 5- and 2.5-fold at 30 and 60 minutes 
after serotonin injection versus saline (P = 0.004 and P = 0.002) 
(Figure 5D). Interestingly, serotonin administration also signifi-
cantly increased plasma GLP-1 levels 1.6- to 2.1-fold at 15, 30, and 
60 minutes after injection (P = 0.011, P < 0.001, and P < 0.001, 
respectively) (Figure 5E).

To mimic the postprandial glucose dynamics and exaggerated 
insulin secretion characteristic of PBH in mice, we developed an 
insulin-augmented mixed meal tolerance test. After a 4-hour fast, 
mice were gavaged with a liquid mixed meal (200 μL Ensure Com-
pact, Abbott Laboratories) and injected with insulin (2 U/kg, i.p.; 
Humulin R, Lilly), before injection with serotonin or saline (Fig-
ure 6A). Consistent with prior experiments, serotonin (20 mg/kg) 
also reduced glucose by 38% versus saline in this setting, achiev-
ing levels below fasting level (serotonin, 80 mg/dL, vs. saline, 128 
mg/dL, at 60 minutes; P = 0.021; Figure 6B).

Given that serotonin increased GLP-1 levels, we asked whether 
GLP-1 receptor blockade would attenuate serotonin affects. We first 
confirmed that the GLP-1 receptor antagonist avexitide (30 mmol/
kg) blocked semaglutide-induced increases in insulin secretion 
(Supplemental Figure 13B) and, in parallel, attenuated the hypo-
glycemic effects of semaglutide (Supplemental Figure 13C) and 
reduced GLP-1 levels (Supplemental Figure 13D). Next, we tested 
whether avexitide could block serotonin-induced hypoglycemia 
(Supplemental Figure 14A). Treatment of mice with avexitide rapid-
ly increased glucose levels in comparison with saline-injected mice 
(P = 0.012 at 15 minutes). However, avexitide was unable to block 
serotonin-induced hypoglycemia (Supplemental Figure 14B). Like-
wise, avexitide did not affect serotonin-induced increases in insu-
lin and GLP-1 (Supplemental Figure 14, C and D). Thus, these data 
suggest that GLP-1 receptor–mediated signaling is not likely to be 
a primary mechanism mediating serotonin-induced hypoglycemia.

Serotonin-induced hypoglycemia in mice is blocked by serotonin 
receptor antagonism. First, we sought to investigate pathways by 
which serotonin induced hypoglycemia. Serotonin has pleiotro-
pic effects on many aspects of metabolism, mediated via multiple 
receptor subtypes (16).

To test whether the effects of serotonin on glucose levels could 
be blocked by broad antagonism of serotonin receptor subtypes, 
the nonspecific antagonist cyproheptadine or an equal volume of 
saline was injected intraperitoneally 30 minutes before the mixed 
meal (Figure 6A). Cyproheptadine completely blocked the hypo-
glycemia induced by serotonin administration, with glucose of 
170 mg/dL at 60 minutes versus 80 mg/dL with serotonin alone 
(P = 0.005) (Figure 6B). Interestingly, cyproheptadine pretreat-
ment also blunted the increase in plasma serotonin as compared 
with saline at 15 (75%, P < 0.001), 30 (72%, P = 0.008), and 60 
minutes (74%, P = 0.034) (Supplemental Figure 12A). Likewise, 
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Figure 4. Abundance of tryptophan, tryptophan-derived metabolites, and serotonin in PBH, Asx, and Ow/Ob individuals in the fasting state 
and after mixed meal ingestion. Center: Schematic of tryptophan metabolism and downstream metabolites. (A–E) Abundance of tryptophan (A), 
kynurenic acid (B), xanthurenate (C), serotonin (D), and serotonin by ELISA (E). (F–H) Serotonin ELISA of individual participants in PBH (red), Asx 
(green), and Ow/Ob (blue) groups. Data are mean ± SD. *,#P < 0.05; **,##P < 0.01; ###P < 0.001;****P < 0.0001 for PBH vs. Asx; ####P < 0.0001 for PBH 
vs. Ow/Ob. Two-way ANOVA with Tukey’s multiple-comparison test was performed. Blue color of circles in the schematic indicates metabolites with 
decreased abundance, while white indicates unchanged abundance.
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lated insulin levels by 44% (P < 0.05) (Figure 6E) and reduced sero-
tonin-stimulated GLP-1 levels by 33% (P < 0.05) (Figure 6F). These 
data suggest that 5-HTR2 may mediate glycemic effects of serotonin 
and that inhibition could be tested as a potential strategy for PBH.

Discussion
PBH can be observed in up to 20%–30% of patients following bar-
iatric surgery. When severe, it can be associated with neuroglyco-
penia, reduced awareness, and impaired safety. Accelerated gas-
tric emptying with rapid increases in glucose and AA absorption, 
together with elevations in GLP-1 and other intestinally derived 
hormones, contributes to increased postprandial insulin secretion 
and subsequent hypoglycemia (20). Increased insulin-indepen-
dent glucose uptake (4) and reduced counterregulatory responses 
(21) may also contribute to hypoglycemia in patients with PBH. 
Given that maintenance of normal glucose homeostasis also 
requires adequate substrate availability and metabolism, we per-
formed and now report an unbiased metabolomics analysis of the 
plasma metabolome in the fasting state and in response to a stan-
dard mixed meal stimulus in individuals with PBH as compared 
with unaffected post-bariatric participants.

serotonin-induced increase in GLP-1 (1.7- to 2.1-fold, P < 0.001; 
Supplemental Figure 12B) was abolished by pretreatment with 
cyproheptadine (–1.9- to –2.1-fold, P < 0.001 for all; Supplemental 
Figure 12B). These results suggest that increased plasma serotonin 
may contribute to regulation of postprandial glucose metabolism, 
potentially via effects to increase both GLP-1 and insulin secretion.

We next investigated whether inhibition of specific serotonin 
receptor subtypes could block serotonin-induced hypoglycemia, 
selecting inhibitors of 5-HTR3 and 5-HTR2, given their demonstrated 
role in metabolism and insulin secretion (17–19). The 5-HTR3 antag-
onist ondansetron (3 mg/kg) was administered 30 minutes before 
injection of serotonin (20 mg/kg) or an equal volume of saline (Sup-
plemental Figure 15A). Ondansetron did not impact serotonin-in-
duced reductions in glucose (Supplemental Figure 15B), nor was it 
able to block serotonin-stimulated increases in insulin (Supplemen-
tal Figure 15C) or GLP-1 (Supplemental Figure 15D).

We next tested the impact of the 5-HTR2 antagonist ketanserin, 
injecting male mice with ketanserin (5 mg/kg) 30 minutes before 
serotonin administration (20 mg/kg) (Figure 6C). Ketanserin abol-
ished the impact of serotonin, increasing blood glucose by 86% (P 
< 0.05) (Figure 6D). Likewise, ketanserin reduced serotonin-stimu-

Figure 5. Serotonin reduces glucose and 
increases insulin and GLP-1 secretion. (A) 
Experimental protocol showing exogenous 
administration of serotonin (20 mg/kg) or 
saline in C57BL/6J mice. (B) Serotonin levels 
achieved by serotonin injection. (C) Glucose 
levels after serotonin or saline injection. (D 
and E) Insulin levels (D) and GLP-1 levels 
(E) after serotonin or saline injection. In 
all panels, **P < 0.01, ***P < 0.001, ****P 
< 0.0001 by 2-way ANOVA with Tukey’s 
multiple-comparison test.
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AA and lipid metabolism ultimately yields carbons for key 
metabolic pathways, such as oxidative TCA cycle activity and 
gluconeogenesis. Interestingly, several glycolytic intermediates 
were reduced in PBH in the fasting state, alongside an increase 
in the TCA cycle intermediates aconitate, isocitrate, and suc-
cinate. These patterns were largely normalized at the 30-min-
ute time point but were observed again at 2 hours — patterns 
reminiscent of the accelerated onset of postprandial physiology 
after RYGB, potentially linked to rapid emptying of nutrients 
from the pouch (22), as well as accelerated return to a fasting 
state. Levels of the ketone β-hydroxybutyrate were reduced 

Our data suggest that metabolism in PBH is not simply an 
extreme example of post-bariatric metabolism, as multiple 
metabolites exhibited unique patterns in PBH, with differen-
tial direction of change as compared with asymptomatic post-
RYGB individuals. For example, we observed PBH-specific 
increases in abundance of adenine, oxalate, and hydroxyphen-
ylpyruvate. It is possible that unique differences in dietary pat-
terns or intestinal or microbial metabolism could contribute to 
these PBH-specific metabolic responses. More detailed studies 
analyzing the intestinal microbiome in individuals with PBH 
will be required.

Figure 6. Serotonin induces hypoglycemia during meal tolerance test; hypoglycemia is blocked by cyprophetadine and more specifically by ketanserin. 
Reductions in glucose are blocked by the serotonin antagonist cyproheptadine and the specific serotonin receptor 2 antagonist ketanserin. (A) Scheme 
showing administration of cyproheptadine (50 mg/kg) or saline and, after 30 minutes, oral gavage with 200 μL of Ensure, insulin injection (2 U/kg), and 
administration of serotonin (20 mg/kg) or saline in C57BL/6J mice. MMTT, mixed meal tolerance test. (B) Glucose levels during experiment. (C) Scheme 
showing administration of ketanserin (5 mg/kg) and exogenous administration of serotonin (20 mg/kg) or saline in C57BL/6J mice. (D) Glucose levels after 
serotonin or saline injection. (E and F) Insulin levels (E) and GLP-1 levels (F) after serotonin or saline injection. In all panels, *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001 by 2-way ANOVA with Tukey’s multiple-comparison test.

https://doi.org/10.1172/JCI180157


The Journal of Clinical Investigation   C L I N I C A L  M E D I C I N E

1 1J Clin Invest. 2024;134(21):e180157  https://doi.org/10.1172/JCI180157

as compared with unaffected post-surgical patients may reflect 
the impact of weight loss, altered nutrition, and improved insu-
lin sensitivity to yield an exaggerated “anti-diabetes” metabolic 
state contributing to reductions in gluconeogenesis. Alterations 
in AAs in PBH could also contribute to the significant reduction 
in 2-aminoadipate and α-hydroxybutyrate, biomarkers of diabe-
tes risk and insulin resistance (12, 13, 32).

We do not fully understand the mechanisms underlying 
reductions in multiple AAs in PBH. Given that differences were 
observed mainly for essential AAs, it will be important to deter-
mine whether sources or quantity of dietary protein intake, 
absorption (33), or metabolism differs in post-surgical individuals 
with and without PBH. The rapid prandial excursions in AAs after 
RYGB could also contribute to prandial rises in insulin and gluca-
gon (34, 35). Additional studies of in vivo flux will be required to 
clarify these possibilities.

A key finding is that multiple metabolites within the trypto-
phan pathway are downregulated in the fasting state in PBH as 
compared with asymptomatic individuals, including tryptophan 
and its downstream metabolites kynurenic acid and xanthurenic 
acid. Tryptophan was also significantly correlated with glucose at 
all 3 time points. It is possible that altered intake and/or microbial 
metabolism of tryptophan could contribute to reduced absorption 
and reduced plasma levels of tryptophan and downstream metab-
olites after bariatric surgery (36, 37).

Even more striking were differences in levels of serotonin in 
individuals with PBH, which were validated by ELISA in samples 
from an independent validation cohort. Firstly, fasting serotonin 
levels were 10-fold lower in PBH, as compared with both unaf-
fected post-surgical individuals and nonsurgical participants. Sec-
ondly, responses to the mixed meal were distinct and divergent 
in PBH. Consistent with prior reports in healthy individuals (38), 
serotonin levels decreased after meal ingestion in both Asx and 
nonsurgical groups. By contrast, patients with PBH had a 5-fold 
increase in meal-stimulated serotonin.

Several lines of evidence suggest that observed changes in 
serotonin in the postprandial state may contribute mechanistical-
ly to postprandial increases in GLP-1 and insulin in PBH. Firstly, 
our studies in both humans and mice indicate that neither exper-
imental hyperinsulinemia nor hypoglycemia results in increased 
serotonin. Secondly, we demonstrate that experimental injection 
of serotonin can potently reduce blood glucose in mice, consis-
tent with prior studies (39, 40), in parallel with greater than 2-fold 
increases in insulin and GLP-1. We also extended these observa-
tions to the postprandial state; serotonin injection at the time of 
oral mixed meal gavage also induced hypoglycemia.

Unique patterns of alterations in serotonin levels in both the 
fasting and the postprandial state are of great interest for the 
pathophysiology of PBH given its role in multiple key processes in 
both peripheral tissues and the central nervous system linked to 
maintenance of normal glucose homeostasis (41–45). Serotonin 
modulates insulin secretion (46, 47) and contributes to expansion 
of β cell mass during pregnancy. Furthermore, production and 
release of serotonin by β cells (48) inhibits glucagon secretion from 
α cells (46). Serotonin also impacts intestinal metabolism, includ-
ing stimulation of GLP-1 secretion by intestinal L cells (49, 50) and 
modulation of the local enteric and central nervous system (51). 

in response to the meal in all 3 groups, as expected. However, 
levels were significantly increased in PBH in both the fasting 
state and after 120 minutes, potentially reflecting increased 
fatty acid oxidation with fasting, an accelerated return to fast-
ing physiology after meals (despite high postprandial insulin 
levels), and protective adaptation to provide alternative fuels in 
the setting of recurrent hypoglycemia (23).

Thus, we hypothesize that lipid metabolism is the dominant 
contributor to whole-body metabolism both in the fasting state 
and at 2 hours postprandially in PBH. In this setting, if gluconeo-
genic flux and/or glycogenolysis are also compromised as a result 
of inadequate substrates for gluconeogenesis (e.g., reduced AAs), 
subnormal glycogen storage (low caloric intake), or reduced coun-
terregulatory hormones, hypoglycemia at late postprandial time 
points could ensue. The increase in 3-phosphoglycerate at 120 
minutes suggests that reductions in gluconeogenesis at more dis-
tal steps could potentially contribute to hypoglycemia. While stud-
ies of flux will be required to dissect these interesting patterns, we 
hypothesize that PBH is characterized by enhanced lipid fuel utili-
zation in the fasting state, but inadequate glucose fuel availability 
in the fed-fasted transition.

Individuals with PBH also had reductions in levels of B-com-
plex vitamins such as niacinamide (B3) and pantothenate (B5), 
and levels of both B3 and B5 were correlated with fasting glucose. 
Reductions in these cofactors for critical enzymes could potential-
ly impair the function of central metabolic pathways including the 
TCA cycle (24), and could suggest deficiencies in micronutrient 
intake or absorption in PBH.

Bile acids, now recognized as metabolically active signaling 
molecules (25), are increased after RYGB (26). While the sum of 
measured bile acids was not increased in PBH versus asymptomat-
ic participants in this cohort, the conjugated bile acid taurocholate 
was 2.5-fold higher in PBH in the fasting state, consistent with prior 
reports (9, 11), and several species tended to be higher in post-sur-
gical participants. Additional targeted studies of bile acid synthe-
sis, conjugation, and microbial metabolism in the fasting and post-
prandial states will be required to further define these patterns.

Abundance of multiple AAs, including branched-chain AAs 
(BCAAs), was reduced in individuals with PBH as compared with 
both asymptomatic and nonsurgical groups in the fasting state. 
AAs increased rapidly after mixed meal ingestion in both surgical 
groups, potentially reflecting rapid gastric emptying and absorp-
tion. However, lower levels persisted in PBH over time, and total 
AA levels correlated with glucose levels both in the fasting state 
and at 30 minutes. These data are of interest for several reasons. 
Firstly, AAs have long been recognized as important substrates 
for gluconeogenesis and central metabolic pathways. For exam-
ple, alanine, reduced in PBH, is a major substrate for hepatic glu-
coneogenesis (27). Multiple BCAAs were also reduced in PBH, 
including the ketogenic Leu, forming acetyl-CoA, the gluco-
genic Val, yielding succinyl-CoA, and isoleucine, which can be 
metabolized into both acetyl-CoA and succinyl-CoA. Secondly, 
our data are concordant with prior reports showing reductions in 
AAs, BCAAs, and downstream products of BCAA catabolism fol-
lowing RYGB (22, 28, 29). Given that elevations in AAs are asso-
ciated with obesity and insulin resistance (30) and predict risk 
of T2D (31), the further reduction in AAs in patients with PBH 
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antagonist (ketanserin) abolished the impact of serotonin to induce 
hypoglycemia, in concert with decreased insulin and GLP-1 secre-
tion. These data suggest that serotonin receptor subtype 2 might 
mediate serotonin effects on hypoglycemia, potentially via impact 
on pancreatic β cells and intestinal L cells (18, 19, 56). Future studies 
will be required to test whether serotonin receptor blockade could 
be an effective strategy for PBH therapy, and to ascertain whether 
additional serotonin receptor subtypes also contribute in diverse 
tissues and cell types relevant to PBH, such as L cells, enterocytes, 
enterochromaffin cells, islets, liver, and brain (56, 63).

We acknowledge several limitations of our study. Firstly, the 
mass spectrometry methodology used to analyze metabolomics 
is semiquantitative, permitting only relative between-group anal-
ysis. However, differences in serotonin between groups were con-
firmed by ELISA. Secondly, the sample size is relatively small, with 
a majority of women, which does not allow generalization to other 
populations. In mouse studies, we demonstrate that serotonin-me-
diated reduction in glucose is similar in both males and females. 
Thirdly, given the observational nature of our study, it is not pos-
sible to determine whether observed changes in levels of metabo-
lites reflect changes in dietary patterns, nutrient absorption, catab-
olism, or flux. Because the postoperative period was between 8 and 
12 years, we do not have a record of current or previous nutritional 
intake of supplements such as B-complex vitamins. Fourthly, while 
the intestine is the dominant source of circulating serotonin, future 
studies will be required to determine whether intestinally derived 
serotonin is the mediator of metabolic and hormonal changes char-
acteristic of PBH and whether neural signaling is required. Finally, 
we acknowledge that the diet, the gut microbiome, and its interac-
tions with the host may contribute to differences in metabolite pro-
files in both the fasting and postprandial states between patients 
with PBH and asymptomatic and nonsurgical controls (64).

In summary, we identify metabolic signatures of PBH includ-
ing reduction in circulating AAs and tryptophan intermediates, 
multiple lipid species, and increased TCA cycle intermediates. 
These potentially contribute to alterations in glucose metabolic 
flux in both the fasting and the postprandial state, which collec-
tively increase risk for hypoglycemia. We also identified PBH-spe-
cific patterns of serotonin dynamics in both the fasting and the 
postprandial state. Using a mouse model, we demonstrate that 
exogenous serotonin administration in mice lowers plasma glu-
cose, potentially via increases in both plasma insulin and GLP-1 
levels. Moreover, serotonin-induced hypoglycemia after a mixed 
meal was blocked by the serotonin antagonist cyproheptadine and 
more specifically by the serotonin receptor 2 antagonist ketanse-
rin. Thus, increases in postprandial serotonin levels may contrib-
ute to postprandial symptoms and reduction in glucose levels, and 
provide a potential therapeutic target for PBH.

Methods
Sex as a biological variable. In both cohorts of human participants, both 
male and female individuals were included. Sex was not considered as 
a biological variable, given the low percentage of males in our study 
population, consistent with the greater percentage of females among 
the post-surgical population, limiting power for sex-specific analy-
sis. However, for animal studies, we evaluated both male and female 
mice; similar results suggest relevance for both sexes.

Central serotoninergic signaling also regulates food intake; loss 
of the 5-HT2C receptor leads to obesity. Moreover, serotoninergic 
neurons are required for glucagon secretion, a key element of the 
counterregulatory response to hypoglycemia (52).

Clinically, modulation of serotonin has been linked to hypo-
glycemia. Antidepressant selective serotonin reuptake inhibitors 
(SSRIs) or serotonin-norepinephrine reuptake inhibitors (SNRIs) 
and monoamine oxidase (MAO) inhibitors, which inhibit metabo-
lism of serotonin, can cause hypoglycemia. Moreover, we recently 
reported that use of SSRIs and SNRIs was a significant risk factor 
for self-reported hypoglycemia symptoms in post-RYGB patients 
enrolled in the Longitudinal Assessment of Bariatric Surgery 
(LABS) cohort (53). Interestingly, symptoms experienced by PBH 
patients in the postprandial state show some similarities to those 
in individuals who have serotonin syndrome, a condition induced 
by SSRIs and other serotoninergic medications (54) and manifest-
ed by confusion, sweating, tremors, and, in more severe cases, 
seizures (55). However, there were no differences in medication 
classes, including SSRIs and SNRIs, in any of the cohorts used for 
the current studies (Supplemental Table 5).

Taken together, our data support the hypothesis that dysreg-
ulation of serotonin metabolism, with reduction in fasting levels 
and increased meal-stimulated levels, may contribute to exces-
sive prandial insulin secretion and hypoglycemia in patients with 
PBH. We do not yet understand the mechanisms responsible for 
the reduction in basal serotonin levels and the unique increases 
in postprandial serotonin levels in individuals with PBH. Poten-
tial mediators of increased postprandial serotonin levels in PBH 
could include increased numbers of serotonin-secreting enter-
ochromaffin cells, or increased release of serotonin by these same 
cells, potentially linked to alterations in luminal contents (56). 
Conversely, altered expression or activity of serotonin synthesis 
enzymes or cofactors (e.g., vitamin B6) and serotonin-metaboliz-
ing enzymes (e.g., MAO) could also result in increased postpran-
dial levels. Indeed Ben-Zvi and colleagues (57) demonstrated that 
expression of MAO is reduced 2- to 5-fold in jejunum and ileum 
after bariatric surgery in mice. In turn, increased serotonin could 
contribute to increases in meal-stimulated GLP-1 and insulin 
secretion characteristic of PBH, as we now demonstrate in mice. 
It is possible that these interactions are potentiated by PBH-spe-
cific alterations in gut microbiome and/or bile acid signaling 
or turnover (58). This concept is supported by several studies 
demonstrating that the intestinal microbiome plays a critical role 
in serotonin metabolism, bile acid production, and even intestinal 
motility (59–61). Whether differences in serotonin are preexisting 
prior to surgery in those who develop PBH, or solely develop in 
response to the altered intestinal anatomy postoperatively, is an 
interesting question for future studies.

Our findings suggest opportunities for targeting serotonin 
metabolism as a potential approach to the management of PBH. 
Our pilot experiments using the nonspecific serotonin receptor 
antagonist cyproheptadine reduced serotonin-induced effects on 
glucose. While previous studies identified the serotonin 5-HT3 
receptor in β cells as a mediator of serotonin-induced insulin 
secretion (47, 62), here we demonstrate that serotonin receptor 3 
antagonist (ondansetron) was not able to block serotonin-induced 
hypoglycemia. By contrast, administration of serotonin receptor 2 
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To determine whether insulin could impact serotonin levels in 
mice, mice fasted for 4 hours were injected i.p. with insulin (2 U/kg; 
Humulin R, Lilly) or saline. Blood was collected via tail vein at time 0 
and 15 and 30 minutes after injection.

ELISA and metabolite assays. For human samples, plasma collect-
ed at baseline (fasting) and at 30 and 120 minutes after the mixed 
meal or plasma collected at baseline (fasting) and at 40 and 100 min-
utes after initiation of the hyperinsulinemic-hypoglycemic clamp was 
assayed by serotonin ELISA (ADI-900-175, Enzo) following the man-
ufacturer’s instructions.

For mouse samples, plasma collected at fasting (time 0) and sub-
sequently at 15, 30, and 60 minutes after injections was assayed by 
Ultra-Sensitive Mouse Insulin ELISA (90082, Crystal Chem), serotonin 
ELISA (ADI-900-175, Enzo), and mouse GLP-1 ELISA (81508, Crystal 
Chem). All sampled blood was collected via tail vein or cardiac puncture 
in EDTA-coated microtubes containing DPP-IV inhibitor (Millipore). All 
assays were performed according to manufacturers’ instructions.

Statistics. All metabolite data were log-transformed, and those with 
more than 75% missing values were filtered out. The remaining miss-
ing values were imputed with half of the minimum values of the cor-
responding metabolites. Each sample’s abundances were scaled so that 
all samples had the same median abundance. Differential abundance 
was assessed by linear regression modeling with limma, which applies 
an empirical Bayesian approach to moderate each metabolite’s variance 
(66). Two-group comparisons were done by moderated t tests and mul-
tiple-group comparisons by moderated F tests (both 2-tailed, unpaired). 
P values were corrected using the Benjamini-Hochberg false discovery 
rate (FDR) (67). Metabolite clusters in a hierarchical dendrogram were 
detected using a variable height cutoff approach (68). The volcano plot 
was made using ggplot2 (69) and heatmap by pheatmap (70). Metabo-
lite pathway sets were downloaded from the Small Molecule Pathway 
Database (SMPDB) (71), and metabolite set enrichment was tested 
using the limma ROAST method (72). All bioinformatics analysis was 
done in the R software, and graphs were generated using R and Graph-
Pad Prism 9 (GraphPad Software Inc.).

For non-metabolic data, data were analyzed using either 1- or 2-way 
ANOVA, as specified in the figure legends. The graphical abstract was 
created with BioRender (biorender.com).

Study approval. The study was approved by the Committee on 
Human Subjects, Joslin Diabetes Center (Boston, Massachusetts, USA). 
Written informed consent was obtained from all participants. Animal 
procedures were performed using protocols approved by the Institu-
tional Animal Care and Use Committee of Joslin Diabetes Center.

Data availability. All data points presented in the graphs are 
detailed in the Supporting Data Values file.
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