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Impaired Succinate Response to a
Mixed Meal in Obesity and Type 2

Diabetes Is Normalized After
Metabolic Surgery

Diabetes Care 2020;43:2581-2587 | https://doi.org/10.2337/dc20-0460

OBJECTIVE

To explore the meal response of circulating succinate in patients with obesity and
type 2 diabetes undergoing bariatric surgery and to examine the role of gastro-
intestinal glucose sensing in succinate dynamics in healthy subjects.

RESEARCH DESIGN AND METHODS

Cohort I comprised 45 patients with morbid obesity and type 2 diabetes (BM139.4 =
1.9 kg/m?) undergoing metabolic surgery. Cohort Il was a confirmatory cohort of
13 patients (BMI 39.3 = 1.4 kg/m?) undergoing gastric bypass surgery. Cohort IiI
comprised 15 healthy subjects (BMI 26.4 = 0.5 kg/m?). Cohorts | and Il completed a
2-h mixed-meal tolerance test (MTT) before the intervention and at 1 year of follow-up,
and cohort Il also completed a 3-h lipid test (LT). Cohort lll underwent a 3-h oral glucose
tolerance test (OGTT) and an isoglycemic intravenous glucose infusion (IIGl) study.

RESULTS

In cohort I, succinate response to MTT at follow-up was greater than before the
intervention (P < 0.0001). This response was confirmed in cohort Il with a greater
increase after 1 year of surgery (P = 0.009). By contrast, LT did not elicit a succinate
response. Changes in succinate response were associated with changes in the area
under the curve of glucose (r = 0.417, P < 0.0001) and insulin (r = 0.204, P = 0.002).
In cohort 11, glycemia, per se, stimulated a plasma succinate response (P = 0.0004),
but its response was greater in the OGTT (P = 0.02; OGTT versus lIGl).

CONCLUSIONS

The meal-related response of circulating succinate in patients with obesity and
type 2 diabetes is recovered after metabolic surgery.

A mismatch between nutrient availability and cellular energy requirements is a key
contributing factor to the development of obesity and type 2 diabetes mellitus.
Dynamic exchanges in intra- and extracellular metabolites are crucial to adequately
integrate and coordinate biological networks in cells, particularly the concentration of
nutrients and intermediary metabolites (1,2).

There is a wealth of evidence to indicate that succinate is a pleiotropic metabolite
functioning not only as an energy intermediary but also as asignaling molecule, both in
the cytosol and extracellularly by engaging its cognate receptor succinate receptor 1
(SUCNR1) (1,3,4). In the context of energy homeostasis, various signaling roles have
been ascribed to succinate, including those of an antilipolytic factor (5), a potent activator
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of brown adipose tissue thermogenesis
(6), and a regulator of intestinal gluco-
neogenesis (7,8). Succinate has also been
shown to control the resolution of in-
flammation, a physiological circuit broken
in obesity. Indeed, macrophage-specific
deficiency of SUCNR1 in mice stimulates
inflammation, glucose intolerance, and
cellular metabolic stress (9).

Elevated levels of fasting plasma suc-
cinate have been mainly related to path-
ological processes (10-13), including obesity
and type 2 diabetes (12,14). By contrast, a
reduction in circulating levels of succi-
nate after bariatric surgery is positively
associated with the rate of remission of
type 2 diabetes (14). Accordingly, obesity
might be associated with succinate re-
sistance, as has been shown for other
hormones such as insulin or leptin (15),
favoring a vicious cycle of succinate
resistance-hypersuccinatemia, at least
with regards to its effects on the res-
olution of inflammation (9). Fascinat-
ingly, circulating succinate levels are not
only increased in pathology, and it has
been known for many years that succi-
nate levels are elevated in some phys-
iological processes such as exercise (16).
But, despite much progress, the physio-
logical function of succinate in energy
balance and its involvement in the phys-
iopathology of obesity and associated
comorbidities is unclear.

The main source of circulating succi-
nate remains enigmatic, although our
recent evidence points to the intestine as
an important contributor to blood levels
(12). To further examine this idea, in the
current study, we explored plasma suc-
cinate dynamics after food ingestion in
patients with morbid obesity and type
2 diabetes before and after bariatric sur-
gery. We also determined whether the
succinate response is dependent on
glucose and/or lipid sensing, as well
as the contribution of glucose sensing
through the gastrointestinal tract in
healthy subjects.

RESEARCH DESIGN AND METHODS

Cohort I

Cohort | comprised 45 patients with
morbid obesity and type 2 diabetes
who were submitted to bariatric sur-
gery in the context of a randomized
controlled trial (http://www.isrctn.com/
ISRCTN14104758). Methodological as-
pects and the main characteristics of

the patients have been published else-
where (17). In brief, the patients (30 women,
15 men, age 49 * 8 years, BMI 39.4
+ 1.9kg/m?, and HbA;. 7.8 + 1.9% [62.0
+ 3.3 mmol/mol]) were consecutively
recruited for bariatric surgery at the De-
partment of Endocrinology of Bellvitge
University Hospital. Patients were ran-
domly assigned (1:1:1) to three subgroups
(n = 15) and subjected to one of the
following bariatric procedures: laparo-
scopic greater curvature plication, Roux-
en-Y gastric bypass and sleeve gastrectomy.
Before surgery and at 1 year after sur-
gery, patients underwent an anthropo-
metric, clinical, and routine biochemical
evaluation and a 2-h mixed-meal toler-
ance test (MTT).

Cohort II

This group included 13 patients with
morbid obesity and type 2 diabetes
(9 women, 4 men, age 53 *= 7 years,
BMI 39.3 * 1.4 kg/m?) undergoing met-
abolic surgery at Bellvitge University
Hospital between June 2016 and June
2017 (Table 1). Inclusion/exclusion cri-
teria were the same as those for cohort I.
All patients underwent Roux-en-Y gastric
bypass. The mean weight loss at the
end of follow-up was 33.8% (range 23.8—
42.3 kg) of the initial weight. Pharma-
cological treatment was stopped at least
3 days before the functional tests, ex-
cept insulin treatment, which was stop-
ped 12 h before tests. As in cohort |,
patients from cohort Il underwent a
complete anthropometric, clinical, and
routine biochemical evaluation and a
2-h MTT before surgery and at 1 year
after surgery. Patients also underwent
a 3-h lipid test (LT) during the same
periods.

Cohort III
This group included 15 healthy subjects
(11 women, 4 men, age 34 * 12 years,
BMI 26.4 + 1.9 kg/m?) consecutively
recruited at the Hospital Universitari
Joan XXIII. Inclusion criteria were BMI
=19.9 and =29.9 kg/mz, absence of acute
or chronic systemic disease, absence of
pharmacological treatment, and weight
stability during the three previous months
before entry into the study (Table 2).
Subjects underwent a 3-h standard oral
glucose tolerance test (OGTT) and, on a
separate occasion, a 3-h isoglycemic in-
travenous glucose infusion (IIGl) study
using an ad hoc algorithm to precisely
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reproduce the glycemic curve observed
during the OGTT (isoglycemic protocol).

Ethical Disclosure

All study protocols were conducted ac-
cording to the principles of the Decla-
ration of Helsinki and approved by the
corresponding local ethics committees.
All subjects received a comprehensive
explanation of the protocol and signed
the informed consent before entry into
the studies.

Metabolic Assessments

Metabolic studies (MTT, LT, OGTT, and
IIGI) were performed in the morning
(starting between 7 and 9 a.m.) after an
overnight fast, with no food or drink
(except for water) after 8 p.m. of the
preceding day. After a medical history
record and body composition assess-
ment, an intravenous line was estab-
lished in the antecubital vein, and after
15-30 min of rest, the test was star-
ted. Specifically, for the lIGl study, two
intravenous lines were used: one in
the antecubital vein for the glucose
infusion and the other in the cephalic
vein (wrist) of the same arm for blood
sampling.

Meal Tolerance Test

Patients ingested a standardized liquid
meal beverage (cohort I: 15.9% proteins,
53.8% carbohydrates, and 30.3% lipids
[202 kcal]; Edanec, Abbott laboratories,
and cohort II: 16% proteins, 49% carbo-
hydrates, and 30% lipids [320 kcal]; Iso-
source, Nestle Health Science) over 5 min.
Blood was sampled before meal inges-
tion (time 0 min) and at 15, 30, 60, and
120 min after meal ingestion (17).

Lipid Test

Patients were prepared as in the MMT
protocol. Blood samples were drawn at
fasting state (time 0 min) and at 60, 120,
and 180 min after lipid ingestion. The LT
was performed using an oral lipid solu-
tion ingested over 5 min, containing 50 g
of fat in 100 mL of solution, of which 30%
was saturated, 49% was monounsatu-
rated, and 21% was polyunsaturated
(18).

OGTT and IIGI Tests

Each volunteer participated in two stud-
ies with a 7-15-day interval between
each. The first study was a 3-h OGTT
(75 g glucose), and plasma glucose was
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Table 1—Cohort II: main anthropometric and metabolic variables

Variables Baseline Follow-up at 12 months P value*
n (female/male) 13 (9/4) 13 (9/4) =
Age (years) 53 £ 7 54 + 7 —
Type 2 diabetes treatment (insulin/others) 13 (4/9) 13 (1/12) —
BMI (kg/m?) 393 + 1.4 25.8 = 2.1 <0.0001
Waist (cm) 124.9 = 16.4 92.4 = 11.4 <0.0001
Fasting glucose (mmol/L) 8.9 (6.9-11.0) 5.1 (4.5-6.1) 0.0007
2-h glucose (mmol/L) 145 £ 5.2 7.0 * 3.7 0.0005
HbA;. (%) 7.3 (6.7-8.0) 5.6 (4.6-6.0) 0.0002
HbA;. (mmol/mol) 56.3 (49.7-64.5) 37.7 (26.3-41.6) 0.0002
Total cholesterol (mmol/L) 49 = 1.0 4.1 *+ 0.7 0.002
HDL cholesterol (mmol/L) 12 =04 1.3 *+03 NS
LDL cholesterol (mmol/L) 29 £ 0.9 2.3 * 0.6 NS
TGs (mmol/L) 1.7 (1.1-3.7) 1.4 (0.7-1.5) 0.003
Fasting succinate (pwmol/L) 79.7 = 28.0 51.0 = 15.3 0.003
Fasting insulin (pmol/L) 116.0 (63.5-275.5) 39.0 (34.5-55.0) 0.001
Fasting C-peptide (nmol/L) 1.47 = 0.97 0.52 + 0.22 0.007
Fasting GLP-1 (pmol/L) 54.6 (42.1-72.8) 32.8 (18.5-39.6) 0.008
TG index 5.15 £ 0.12 4.57 = 0.08 <0.0001
Insulinogenic index 0.3 (0.1-0.6) 0.9 (0.3-1.3) NS

Data are presented as mean = SD or median (25th—75th percentiles), as appropriate. *P values for the normal distributed variables were calculated

using paired t test; for the nonnormal distributed variables, Wilcoxon signed rank test was used.

measured every 10 min during the test.
The OGTT glucose time curve was then
reconstructed in the second study, i.e.,
the IIGI study, using an ad hoc algorithm
to determine the variable infusion rate

of a 20% glucose solution (19). Blood
samples for metabolites other than glu-
coseweredrawn at —30,0, 10, 20, 30, 60,
90, 120, 150, and 180 min after glucose

Table 2—Cohort III: main anthropometric and metabolic variables

ingestion or infusion was started.

Variables OGTT 1IGI P value*
n (female/male) 15 (11/4) 15 (11/4) =
Age (years) 34 + 12 — —
BMI (kg/m?) 26.4 = 1.9 — —
Waist (cm) 86.9 = 8.3 = =
Fat mass (%) 30.7 £ 6.3 — —
Fasting glucose (mmol/L) 53 * 0.3 53 * 0.4 NS
2 h glucose (mmol/L) 6.8 £ 1.2 6.9 = 1.0 NS
HbA ¢ (%) 5.1 * 0.2 — —
HbA;. (mmol/mol) 32.0 = 0.7 — —
Total cholesterol (mmol/L) 4.1 *+ 09 — —
HDL cholesterol (mmol/L) 1.4 = 0.2 — —
LDL cholesterol (mmol/L) 23+ 0.7 = =
TGs (mmol/L) 0.7 (0.6-1.0) — =
Fasting succinate (pmol/L) 413 = 14.4 42.1 = 4.2 NS
Fasting insulin (pmol/L) 47.5 = 17.5 43.1 + 3.8 NS
Fasting C-peptide (nmol/L) 0.4 (0.3-0.4) 0.3 (0.2-0.4) NS
Fasting GLP-1 (pmol/L) 26.8 £ 8.7 244 £ 222 NS
TG index 4.4 = 0.1 — —
0GIS index (mL/min/m?) 414.0 + 53.8 — —
Insulinogenic index 1.0 = 04 = =

Data are presented as mean = SD or median (25th=75th percentiles), as appropriate. OGIS, oral
glucose insulin sensitivity index. *P values for the normal distributed variables were calculated
using paired t test; for the nonnormal distributed variables, Wilcoxon signed rank test was used.

Determinations

Plasmatic lipid, hepatic and renal profiles
were determined by standard enzymatic
methods. Plasma glucose was deter-
mined by the glucose oxidase method
(ADVIA Centaur; Siemens Healthcare,
Erlangen, Germany and GM-9; Analox,
London, U.K.) Plasma insulin and C-
peptide levels were determined by an
immunochemiluminometric assay (ADVIA
Centaur). Total plasma glucagon-like
peptide 1 (GLP-1) levels were deter-
mined by radioimmunoassay (GLP-1T-
36HK) or by ELISA (EZGLP1T-36 K) in
cohorts | and 1I/111, respectively (both
from Merck KGaa, Darmstadt, Germany)
(17). Plasma succinate was determined
in plasma filtrates (10 KDa) using a fluo-
rometric assay (EnzyChrom Succinate
Assay Kit; BioAssay Systems, Hayward,
CA) (9,12,14).

Data Analysis

Body fat mass of patients (cohort I and I1)
was estimated using the Clinica Universidad
de Navarra-body adiposity estimator (CUN-
BAE) equation (20) or was analyzed by
bioelectrical impedance (Tanita Europe BV,
Amsterdam, the Netherlands) (cohort Il1).
We validated the use of the CUN-BAE index
for body fat percentage/adiposity in Co-
hort 1l by DEXA (Hologic QDR 4500;
Hologic Inc., Waltham, MA). Fat mass
estimated by the CUN-BAE equation
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correlated with that measured by DEXA
(r=0.913,P <0.0001). Insulin resistance
was estimated using the product of fast-
ing plasma glucose (FPG) and triglyceride
(TG) index (Ln[TG(mg/dL)*FPG(mg/dL)]/Z),
or using the oral glucose insulin sensitivity
index (21). The insulinogenic index was
calculated using the equation (Insuling, y/my
30" — 0')/(Glucose[mgar; 30" — 0'). Area
under the time concentration curve
(AUC) was calculated using the trape-
zoidal rule. Succinate response was cal-
culated as a fold increase of the fasting
values. The percentage change of a vari-
able between the baseline and follow-up
periods was calculated as follows: A% =
([follow up — baseline]/baseline)*100.

Statistical Analysis

All data were tested for normality using
the Shapiro-Wilk test. Data are presented
as percentage and mean and SD for
normally distributed quantitative var-
iables, or median and 25th—75th per-
centiles (interquartile range [IQR]) for
nonnormally distributed quantitative
variables. Intragroup responses were
compared by paired t test or Wilcoxon
signed-rank test when necessary. The
time course (parameter response curves)
data were evaluated by ANOVA for re-
peated measures; P values show the in-
teraction between treatment and time.
Correlations between quantitative vari-
ables were calculated using Pearson’s
or Spearman’s test, when necessary.
Succinate response was depicted as fold
increase from basal values (normalized
to 1). Multiple linear regression analysis
was used to determine the variables
associated with succinate dynamics. All
variables significant in univariate anal-
ysis were included in the model. Sta-
tistical analyses were carried out using
SPSS software version 19 (IBM Corp.,
Armonk, NY).

RESULTS

Dynamic Regulation of Circulating
Succinate After Food Ingestion Is
Dependent on Metabolic Status

The main anthropometric and clinical
characteristics of cohort | have been
described previously (14,17), together
with the associations between fasting
succinate levels and metabolic variables
before surgery (14). Notably, we found
a positive association between fasting
plasma succinate and TG index as a measure
of insulin resistance (r = 0.479, P = 0.002),

whereas a negative association was
observed with the insulinogenic index
(r = —0.363, P = 0.02). Also, consistent
with our previous study (14), fasting
plasma succinate levels were reduced
by 32.5% at 1 year of follow-up (P =
0.001) (Fig. 1A). Follow-up fasting plasma
levels of succinate were associated
with weight (r = 0.386, P = 0.01), FPG
(r =0.390, P = 0.01), HbA,. percentage
(r=10.374, P = 0.02), fasting plasma TGs
(r = 0.444, P = 0.005), and TG index
(r = 0.480, P = 0.002).

Of note, an examination of plasma suc-
cinate dynamics during an MTT revealed
a different pattern before and after sur-
gery. At baseline, nutrient intake resul-
ted in a small but significant increase
in plasma succinate of 1.48 = 0.09-fold
over basal levels at 60 min (P = 0.003). By
contrast, a repeat of the MTT 1 year after
surgery revealed a 2.44 * 0.28-fold in-
crease in succinate over basal levels (P <
0.0001) (Fig. 1B). The normalization of
the AUC fold change of the succinate
response by fat mass (kg) confirmed a
more pronounced succinate response
after surgery, which was independent of
the surgical technique (Fig. 1C). Notably,
the percentage change in plasma succi-
nate levels after surgery was associated
with the percentage change in plasma
glucose (r = 0.417, P < 0.0001) and
insulin (r = 0.204, P = 0.002) during
the MTT.

We then performed a multiple regres-
sion analysis controlling for age, sex, and
change in BMI. Change in AUC of glucose
(B = —0.365, P = 0.02) and AUC of
insulin (3 = 0.323, P = 0.03) appeared as
the main determinants of succinate var-
iability. The inclusion of the type of surgical
treatment to the model did not change
the results.

We sought to confirm the meal-related
response of succinate in a second in-
dependent cohort (main anthropometric
and metabolic variables of cohort Il are
described in Table 1, and the MTT met-
abolic response is shown in Supplementary
Fig. 1A). In line with the data of cohort
| (14), fasting succinate levels were re-
duced by 36.0% in cohort Il after surgery
(Fig. 1D). Mirroring the results from co-
hort I, the MTT (0-60 min) showed an
increase of succinate 1.22 *= 0.15-fold
(P = NS) before surgery and 2.35 * 0.37-
fold (P = 0.004) in the follow-up analysis
(Fig. 1E). Again, the normalization of the
AUC fold change of succinate by fat mass
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revealed a more pronounced succi-
nate response (P = 0.008) at follow-up
(Fig. 1F). Of note, in contrast to what
was observed in response to an MTT,
the hyperlipidemia resulting from the
LT did not elicit a succinate response
(Supplementary Fig. 1B).

Meal-Related Response of Succinate Is
Dependent on Intestinal Glucose
Sensing

To determine if the nutritional-related
succinate response depends on glucose
sensing by the gastrointestinal tract or if
it is also induced by intravenous glucose
infusion, we analyzed succinate dynam-
icsin a cohort of healthy subjects without
obesity (cohort Ill, anthropometric and
metabolic characteristics of subjects
are shown in Table 2) after an oral and
isoglycemic variable intravenous ad-
ministration of glucose (OGTT and IIGlI,
respectively).

Plasma glucose curves were superim-
posable during the tests (P = NS) con-
firming quite similar peripheral glycemia
(Fig. 2A). As expected, insulinemia was
almost threefold greater in the oral test
than with intravenous glucose stimula-
tion (P < 0.0001) (Fig. 2B). A similar
response was observed for C-peptide
(P < 0.0001, IIGI versus OGTT) (Fig. 2C),
revealing that gastrointestinal factors
account for ~44% of the total insulin
response during the OGTT, as expected
(19). Also, GLP-1 time curve analysis
demonstrated distinct patterns depend-
ing on the route of glucose administra-
tion (Fig. 2D), with oral glucose promptly
stimulating GLP-1 release, as previously
described (19).

Intriguingly, the succinate response
to an oral or intravenous glucose ad-
ministration differed. Both routes of
glucose administration elicited a plas-
matic response of succinate with a peak
at 60 min (Fig. 2E). In the OGTT, the
succinate response was 2.4 = 0.9-fold
higher than the fasting value (P << 0.0001),
whereas it increased by 1.5 * 0.4-fold
in the IIGI (P = 0.0004). Accordingly, the
AUC for succinate (3 h) was higher in the
OGTTthaninthellGI(13,020.7 = 1,059.8
vs. 10,140.5 * 900.4 nmol/L, respec-
tively, P = 0.0004).

CONCLUSIONS

To our knowledge, this is the first de-
scription of the nutritional modulation of
plasma succinate by luminal nutrients, as
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Figure 1—Succinate response to a MTT. A and D: Fasting values of succinate before and 1 year after bariatric surgery for cohort | (A) and Il (D). Band E:
Time curves of plasma succinate response during an MTT (fold increase over basal values) for cohort | (B) and Il (E). C and F: AUC of the succinate time
curves normalized for fat mass (kg) for cohort | (C) and Il (F). Data are mean * SEM. Comparisons were tested using the Wilcoxon signed rank test (*P =
0.05, **P = 0.01, ***P = 0.001), and time curves were compared using repeated measures ANOVA (Pvalues refer to the interaction between treatment
and time). FM, fat mass; LGCP, laparoscopic greater curvature plication; RYGB, Roux-en-Y gastric bypass; SG, sleeve gastrectomy.

contrasted with the traditional paradigm
of circulating succinate as a pathological
metabolic marker (10-12,22,23). More-
over, we demonstrate that the nutritional-
related response of succinate is partly
dependent on glucose sensing by the in-
testine and is associated with the meta-
bolic status of the individual, pointing to
an integrated mechanism underpinning
these dynamic changes.

Beyond its role as an energy source in
the tricarboxylic acid (TCA) cycle, succinate
is a positive regulator of both intestinal
gluconeogenesis (8) and adipose tissue
thermogenesis (6). We and others previ-
ously demonstrated that increased
plasma levels of succinate are associated
with metabolic abnormalities, such as hy-
pertension, obesity, and type 2 diabetes
(11,12). Moreover, recovery from hyper-
glycemia and body weight gain is associ-
ated with a reduction in fasting plasma
succinate, both by lifestyle changes and

bariatric surgery (12,14). Consistent with
previous data, we found a clear associa-
tion between fasting succinate, BMI,
HbA,, FPG, and plasma TGs, supporting
the notion of elevated circulating suc-
cinate as a biomarker of a poor meta-
bolic status (9,12,14,24).

When we analyzed the dynamics of
circulating succinate in response to a nu-
tritional challenge in patients with mor-
bid obesity and type 2 diabetes, before
and after bariatric surgery, we found a
similar pattern of results to those of
plasma insulin and GLP-1 (17,25,26). In
two independent surgical cohorts, we
found that the patients had high levels
of fasting succinate at baseline (before
surgery) and a mostly flat succinate re-
sponse to a meal test. A study by Sadagopan
et al. (11) reported no differences be-
tween fasting or postprandial plasma
succinate levels in healthy control sub-
jects or patients with diabetes. By contrast,

a recent metabolomic analysis in healthy
postmenopausal women reported a sim-
ilar succinate response to a mixed meal
that observed in our study (24). In our
surgical cohorts, weight loss and meta-
bolic improvement promoted by bariat-
ric surgery stimulated a decrease in the
fasting levels of succinate and triggered
a recovery in nutrient stimulation, with
a normal bell-shaped succinate response
curve in response to an MTT similar to
that observed for glucose, insulin and
GLP-1 (17,25,26). Remarkably, carbohy-
drates seemed to be uniquely responsi-
ble for the succinate response as the
LT had no effect on succinate at baseline
or follow-up.

The glucose tests in healthy subjects
have shed some light on the potential
mechanism underpinning the novel meal-
related succinate response. Accordingly,
the time curve of succinate response
was clearly higher in the OGTT than in
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Figure 2—Cohort I, metabolicresponse toan OGTT and an IIGl study. A: The overlay of plasma glucose curves during OGTT and |IGI. B-E: The response of
plasma insulin (B), C-peptide (C), GLP-1 (D), and succinate (E) during the OGTT and IIGl. Data are mean * SEM. Time curves were compared using
repeated measures ANOVA (P values refer to the interaction between treatment and time).

the lIGl and is similar to that observed for
insulin, C-peptide, and GLP-1. The results
indicate the relevance of glucose transit
through the intestinal tract for postpran-
dial succinate dynamics, pointing to the
intestine as a relevant source of circu-
lating succinate after feeding.

In keeping with this notion, our pre-
vious studies demonstrated the close
association between circulating succi-
nate and the gut microbiota (12,27).
Nevertheless, further studies are re-
quired to validate this relationship and
alternative sources should not be ruled
out, particularly in the context of obesity.
For example, it has been described in
human adipose tissue explants that hy-
perglycemia and hypoxia exert a syner-
gistic effect on succinate production (13).
Thus, changes in adiposity could explain
the differences in succinate response
observed between subjects with morbid
obesity before and after bariatric sur-
gery. However, the profile of the suc-
cinate response was unchanged when
the AUC of succinate response was

normalized for fat mass (before and af-
ter surgery). Similar results were ob-
served with the normalization by lean
mass (data not shown). Consequently,
it is possible that in obesity, circulating
succinate originating from both adipose
tissue and intestinal microbiota provokes
a condition of chronically elevated suc-
cinate, suppressing succinate dynamics
induced by a nutritional challenge. In
fact, weight loss after bariatric interven-
tions improves adipose tissue inflam-
mation (28), gut permeability (29) and
dysbiosis, and modifies the levels of
TCA cycle intermediary metabolites
(30). Hence, it is tempting to speculate
that after weight loss, succinate levels
decrease and the evident dynamic
response in healthy subjects is re-
covered, restoring succinate sensitivity,
which is a plausible marker of metabolic
health status. However, further investi-
gation would be required to determine
whether the recovery of succinate re-
sponse in obese patients with diabe-
tes after metabolic surgery is dependent

on weight loss, or conversely, it could
be detected in early stages where met-
abolicimprovement does not fully rely on
weight loss.

Assessing the physiological signifi-
cance of nutrient-related succinate dy-
namics is a key challenge that needs to be
addressed in the future. In this context,
the new concept of energy metabolites
as signaling molecules with extracellular
functions beyond energy is gaining trac-
tion (22,23). On the basis of the results
presented here, it is not unreasonable
to suspect that succinate might function
similarly to other microbiota-derived
metabolites (e.g., short-chain fatty acids)
as a paracrine and autocrine signal in
metabolic tissues, such as adipose tissue
(1). Indeed, succinate has been described
as an inhibitor of lipolysis in adipocytes
via activation of SUCNR1 (5,31). It is
generally acknowledged that peripheral
SUCNR1 remains inactive under healthy
conditions and would be activated only by
the accumulation of succinate in patho-
logical states. The data presented here
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and elsewhere describing higher circu-
lating succinate levels after exercise (16)
points to a new role for this metabolite
in physiological metabolic homeostasis.

In conclusion, our data reveal a meal-
related response of circulating succinate
that is influenced by the metabolic sta-
tus of the subject and is dependent on
glucose sensing by the gastrointestinal
tract. This response is blunted in patients
with morbid obesity and type 2 diabetes
and is recovered after weight loss. This
nutritional modulation of plasma succi-
nate in healthy states goes against the
general perception of circulating succi-
nate as an exclusively surrogate marker
of hypoxia, tissue damage, and inflam-
mation. Further research is needed to
establish the physiological role of post-
prandial succinate and to fully under-
stand the effect of loss of succinate
dynamics in the pathogenesis of dia-
betes and obesity.
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