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Abstract

Objective To explore insulin secretion patterns, p-cell function, and serum prolactin (PRL) concentrations in Chinese
morbidly obese patients with Acanthosis nigricans (AN) and their alterations after laparoscopic sleeve gastrectomy (LSG).
Methods A total of 138 morbidly obese subjects undergoing LSG were categorized as simple obesity without AN (OB
group, n = 55) and obesity with AN (AN group, n = 83). Oral glucose tolerance test (OGTT), PRL, and related metabolic
indices were performed pre- and 12 months post-LSG. Insulin secretion patterns were derived from insulin secretion peak
time during OGTT: type I (peak at 30 or 60 min) and type II (peak at 120 or 180 min).

Results Preoperatively, AN group showed significantly higher proportions of type II insulin secretion pattern, fasting insulin
(FINS), and homeostatic model assessment of insulin resistance (HOMA-IR) whereas lower oral glucose insulin sensitiv-
ity (OGIS), insulinogenic index (IGI), and disposition index (DI) than OB group, which were improved significantly at 12
months postoperatively in both groups, more pronounced in AN group. Intriguingly, serum PRL declined substantially in
AN group than OB group at baseline whereas elevated only in the AN group post-LSG. After adjusting for confounding
factors, elevated PRL correlated significantly with increased IGI and DI, and decreased HOMA-IR in both genders, as well
as increased OGIS in females, which was detected only in the AN group

Conclusion Morbidly obese patients with AN presented delayed insulin secretion response, impaired insulin secretion, and
p-cell dysfunction, which were significantly improved by LSG and might benefit from elevated PRL.
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Introduction

Obesity has currently reached a worldwide epidemic [1, 2] and
is often accompanied by multiple adverse health outcomes,
such as type 2 diabetes (T2DM), cardiovascular diseases,
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e Morbid obesity with AN had delayed insulin secretion impaired insulin secretion, hormonal imbalance, and acantho-
response and f-cell dysfunction. sis nigricans (AN) [3-7]. Notably, obesity-associated AN is

e Serum PRL levels were significantly lower in AN group than in
OB group.
o Insulin secretion and f-cell function was improved more by LSG

increasing in its prevalence and is the most prevalent cutane-
ous manifestation in individuals with obesity [8]. It clinically
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Accumulating evidence highlights that IR or hyperinsu-
linemia is the main pathophysiological mechanism of obe-
sity-associated AN [13]. Our previous studies also revealed
that obese patients with AN had more severe IR compared
to their controls [7, 14]. Nonetheless, not all obese patients
with significant IR have the cutaneous manifestation of
AN, suggesting that some other risk factors might involve
in the development of AN. Indeed, insulin secretion from
pancreatic f-cell is enhanced progressively in an attempt to
maintain normal glucose levels under normal conditions.
Undoubtedly, impaired insulin secretion and f-cell dysfunc-
tion are observed in morbidly obese individuals and mouse
models [15, 16]. Additionally, delayed insulin secretion
response during the oral glucose tolerance test (OGTT) can
serve as a powerful predictor of T2DM [17]. Given that AN
is in a significant relation with T2DM and obesity, it can be
presumed that there might be disorganized p-cell function
and insulin secretion in morbidly obese subjects with AN,
which has not been explored to date.

Prolactin (PRL), as a multifunctional pituitary hormone,
has been known to involve in over 300 biological func-
tions including reproduction and lactation, osmoregula-
tion, immune modulation, and metabolic modulation [18].
In fact, more recent studies have focused on the impact of
PRL signaling on glucolipid metabolism [19]. According to
experimental studies, moderately elevated PRL levels can
ameliorate hepatic steatosis in FFA-induced HepG2 cells
[20], improve adipose tissue fitness and insulin sensitivity
in obese rats [21], promote p-cell proliferation, and increase
glucose-stimulated insulin secretion (GSIS) in diabetic mice
[22]. The population-based study by Manshaei et al. [23]
revealed that serum PRL levels could protect against T2DM
and impaired glucose regulation. Therefore, we hypothesize
that PRL plays an important role in improving p-cell func-
tion and stimulating insulin secretion in obese patients with
AN, but the relevant data is lacking.

Bariatric surgery has currently become the most effec-
tive therapy for morbid obesity, evidenced by substantial
weight reduction and resolution of obesity-related comorbid-
ities, such as T2DM, hypertension, dyslipidemia, obstruc-
tive sleep apnea syndrome, and polycystic ovary syndrome
(PCOS) [24-26]. Laparoscopic sleeve gastrectomy (LSG), as
the predominant bariatric procedure, has been documented
to improve the skin condition of AN in addition to other
metabolic abnormalities in obese patients with AN [7].
Moreover, Wang et al. [27] revealed that LSG resulted in
significantly elevated levels of serum PRL in obese patients.
Inconsistently, Pellitero et al. [28] reported remarkably
declined serum PRL levels in patients with morbid obesity
during 1-year visit after operation (25 Roux-en-Y gastric
bypasses and 7 sleeve gastrectomy).

However, few studies focused on the patterns of insu-
lin secretion, B-cell function, and levels of serum PRL in
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morbidly obese subjects with AN, as well as their clinical
outcomes following LSG. Therefore, the present study aimed
to investigate the baseline insulin secretion patterns, p-cell
function, and serum PRL levels in such a population and
the influence of LSG on these conditions over a 12-month
period.

Materials and Methods
Study Design and Participants

A retrospective observational study was conducted and
216 morbidly obese patients who underwent the standard
LSG at the Department of Endocrinology and Metabolism,
Shanghai Tenth People’s Hospital in China from June 2017
to October 2022 were selected in this study. Among whom,
those who met the following criteria were enrolled: (1) aged
18 to 65 years, (2) BMI equal or greater than 35 kg/m2,
(3) completed a 75-g oral glucose tolerance test (OGTT)
and insulin release assay, and (4) eligible for the 12-month
follow-up. The exclusion criteria were as follows: (1) severe
liver and renal dysfunction, heart failure, cancer, or endo-
crine diseases such as pituitary adenoma, hypothyroidism,
hyperthyroidism, or hypogonadism; (2) current or previous
treatment that might affect the PRL levels, insulin secretion,
or B-cell function; (3) mental illness; (4) genetic disease; (5)
gestation or lactation; (6) loss to follow-up, or withdrawal
from the study; and (7) unable to understand and comply
with the study protocol. Finally, 138 subjects (55.8% female;
age 31.3 + 10.1 years; BMI 40.0 + 5.9 kg/m?) were analyzed
in this study and categorized as simple obesity without AN
(OB group, n = 55) and obesity with AN (AN group, n =
83) according to the previously described criteria [7], as
shown in Fig. 1. The severity scale for AN was described by
Burke et al. [29].

The protocol for this research was followed in accordance
with Helsinki Declaration and approved by the ethics com-
mittee of Shanghai Tenth People’s Hospital (Clinical Trials
Registration Number is NCT05529563). All patients signed
a written informed consent prior to the survey.

Measurements
Anthropometric Assessment

Demographic and clinical data including age, gender, and
medical history were recorded. Anthropometric parameters
were measured at baseline and during a 12-month follow-up
visit. The height, weight, waist circumference (WC), systolic
blood pressure (SBP), diastolic blood pressure (DBP), and
assessment of AN were directly measured by trained physi-
cians. Herein, BMI was calculated as weight (kg) divided by
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Fig. 1 Flowchart of the study population. In the 216 selected patients,
78 of them who did not meet the inclusion criteria were excluded and
138 patients were included in the final analysis. AN, obese group

squared height (meters). Changes in BMI (ABMI) = Initial
BMI (kg/m?) — current BMI (kg/m?).

Laboratory Measurements

Morning venous blood was drawn from all participants after
an overnight 12-h fast at baseline and 12 months after LSG
to measure fasting plasma glucose (FPG), fasting insulin
(FINS), total cholesterol (TC), triglycerides (TG), low-den-
sity lipoprotein cholesterol (LDL-C), and high-density lipo-
protein cholesterol (HDL-C), alanine transaminase (ALT),
aspartate aminotransferase (AST), gamma-glutamyl trans-
ferase (GGT), and serum creatinine. Moreover, plasma PRL
levels were measured by electro-chemiluminescent immuno-
assay as previously described [6]. All baseline and follow-up
evaluations were conducted in our institution.

with Acanthosis nigricans; OB, simple obese group; OGTT, oral glu-
cose tolerance test

Oral Glucose Tolerance Test and Insulin Secretion Patterns

To evaluate the following possible patterns of insulin secre-
tion, a 2-h 75-g oral glucose tolerance test (OGTT) was per-
formed after an overnight fasting in each patient pre- and
12 months post-LSG, and blood samples were taken at O,
30, 60, 120, and 180 min to determine the concentrations
of plasma glucose and insulin, which was assayed by glu-
cose oxidase method and radioimmunoassay, respectively.
Based on the peak time of the insulin release assay during
the OGTT, insulin secretion was grouped into the following
two types of patterns: type I and type II. Type I referred to
the early peak time of insulin secretion at 30 or 60 min, and
type II referred to the later peak time at 120 or 180 min.
If two equal peaks occurred during the OGTT, the earlier
occurrence was designated as the peak time.
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Evaluation of Insulin Resistance, Insulin Sensitivity,
and Beta-cell Function

Insulin resistance (IR) was estimated by using homeostasis
assessment model of insulin resistance (HOMA-IR), cal-
culated as FPG (mmol/L)XFINS (mU/L)/22.5 [30]. Insulin
sensitivity derived from the OGTT was estimated by the oral
glucose insulin sensitivity (OGIS) index [31]. Early-phase
insulin secretion response during an OGTT was assessed
by the insulinogenic index (IGI): (insulinsg;-insuling;,)/
(glucosesgi-glucosey,)- Correspondingly, f-cell function,
measured as the disposition index (DI) of the early phase
during an OGTT, was calculated as IGITHOMA-IR [17].

Statistical Analysis

Data were presented as means + standard deviation (SD)
or, in case of skewed distribution, as medians (interquar-
tile range) for continuous variables, or as proportions for
categorical variables. Abnormally distributed data were
log-transformed before analysis. Group differences were
tested using Student’s 7-test for normal distributed data, non-
parametric test for non-normally distributed data, or chi-
squared test for categorical variables. Paired samples #-test
was performed to compare the variables before and after
LSG. A was calculated as changes of metabolic variables
before and after surgery. Pearson’s correlation analysis was
used to investigate the relation between APRL and changes
in metabolic related indices. Multivariate regression analysis
was applied to assess the contribution of APRL to chang-
ing the insulin secretion and B-cell function after operation.
Statistical analyses were made with SPSS software (Ver-
sion 23.0 for Windows; SPSS, Chicago, IL) and figures were
produced by GraphPad Prism 6 XML Project. Two-tailed P
value < 0.05 was considered statistically significant.

Results

Baseline Clinical Characteristics of Study
Participants

A total of 138 morbidly obese patients (77 female and 61
males) with average age 31.3 + 10.1 years and mean pre-
operative BMI 40.0 + 5.9 kg/m? were selected for analy-
sis. Baseline clinical characteristics of the study population
are summarized in Table 1. At baseline, AN group showed
significantly decreased serum PRL levels in comparison
with OB group in both females (357.44 + 16.99pmol/L vs.
530.55 + 32.07pmol/L, P < 0.001) and males (431.22 +
22.89pmol/L vs. 514.73 + 28.28pmol/L, P = 0.027). In addi-
tion, AN group tended to be younger and had significantly
higher weight, BMI, WC, SBP, DBP, FINS, and HOMA-IR,
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but lower OGIS, IGI, and DI than OB group in both genders
(all P < 0.05). However, there were no differences between
groups with respect to TC, TG, HDL-C, LDL-C, and FPG.

Baseline Patterns of Insulin Secretion During OGTT

As depicted in Fig. 2, no significant differences were
observed in the plasma glucose levels at any point between
AN and OB groups in either gender (Fig. 2A, B). The
peak time of insulin secretion during OGTT was 120
min in AN group and 60 min in OB group regardless of
gender (Fig. 2C, D). Additionally, AN group showed sig-
nificantly higher insulin levels at 0, 120, and 180 min in
both genders, as well as higher insulin levels at 60 min
only in females. Based on the peak time of insulin release
assay during OGTT, the patterns of insulin secretion were
grouped into type I (peak time at 30 or 60 min) and type
II (peak time at 120 or 180 min). As a result, AN group
had significantly higher proportions of type II pattern of
insulin secretion as opposed to OB group without gender
difference (females: 51.3% vs. 26.3%, P = 0.025; males:
59.1% vs. 29.4%, P = 0.038) (Fig. 2E, F).

Changes in Serum PRL and Other Metabolic
Variables at 12 Months Following LSG

Twelve months following LSG, we observed substantial
weight reduction and metabolic adaptation in both AN and
OB groups. As shown in Fig.3, a noticeable improvement
of skin condition was observed in patients with AN at 12
months post-LSG (Fig. 3A). The AN score declined sig-
nificantly from 3.21 + 0.86 to 1.10 + 0.68 in females (P <
0.001) and from 3.34 + 0.83 to 1.11 + 0.57 in males (P <
0.001) (Fig. 3B). Intriguingly, the levels of serum PRL in
AN group were significantly elevated after surgery, chang-
ing from 350.66 + 16.99 to 524.54 + 41.47pmol/L (P =
0.001) among females and from 431.22 + 22.83 to 515.06
+ 44.48pmol/L among males (P = 0.004), which was not
observed in OB group (P > 0.05) (Table 2). In addition, we
observed significantly decreased BMI, WC, TC, TG, and
FPG and elevated HDL-C levels in both AN and OB groups
regardless of gender, as well as decreased LDL-C only in
OB group among males after LSG.

Variations in Insulin Sensitivity and Beta-cell
Function at 12 Months Following LSG

Among females, we observed a significant reduction in
FINS and HOMA-IR (all P < 0.001), as well as increase in
OGIS, IGI, and DI (all P < 0.05) at 12 months after LSG
in both groups (Table 2). Likewise, the alterations of these
variables remained significant among males. Furthermore,
the absolute values of alterations (A) in FINS, HOMA-IR,
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Table 1 Base?i“e . Parameters Females (n=77) Males (n=61)

anthropometric and metabolic

variables in obese patients with OB (n=38) AN (n=39) Pvalue OB (n=17) AN (n=44) P value

or without AN
Age (yr) 35.84+12.39  28.43+7.96 0.003 3441+11.10  28.82+7.64 0.028
AN score - 3.21+0.86 / - 3.34+0.83 /
PRL (pmol/L) 530.55+32.07 357.44+16.99 <0.001 514.73+28.28 431.22+22.89 0.027
Weight (kg) 97.28+15.87  110.79+14.56 <0.001 117.82+16.48 134.35+£20.57 0.004
BMI (kg/m?) 36.59+4.71 40.69+4.80 <0.001 37.21+4.94 43.42+6.12 <0.001
WC (cm) 113.96+13.32  120.08+10.81 0.030 120.55+10.57 129.69+12.71 0.011
SBP (mmHg) 133.31+13.31 141.53+12.63 0.007 131.94+1593 139.81+12.63 0.047
DBP (mmHg) 83.52+8.81 88.43+9.84 0.024 82.47+11.61  87.75+£9.75 0.039
TC (mmol/L) 4.59+1.05 4.66+0.78 0.841 4.67+1.02 4.46+1.06 0.501
TG (mmol/L) 1.79+1.04 2.15+£1.92 0.369 2.10+1.56 2.04+0.91 0.931
HDL-C (mmol/L) 1.18+0.50 1.05+0.33 0.198 0.98+0.22 0.96+0.32 0.760
LDL-C (mmol/L) 2.74+0.91 2.75+0.76 0.957 2.77+0.71 2.74+0.96 0.903
FPG (mmol/L) 6.17+2.00 6.55+2.66 0.488 5.88+1.37 6.14+2.62 0.696
LnFINS (mU/L) 3.08+0.41 3.35+0.49 0.009 2.99+0.63 3.51+0.62 0.006
LnHOMA-IR 1.86+0.66 2.33+0.58 0.001 1.68+0.77 2.17+0.71 0.022
LnOGIS 5.62+0.24 5.48+0.32 0.033 5.76+0.48 5.54+0.33 0.046
LnIGI 3.40+0.80 2.99+0.76 0.028 3.58+0.71 2.76+0.97 0.003
LnDI 1.36+0.19 0.98+0.14 0.019 2.03+0.21 0.89+0.23 0.001

Data were expressed as mean + SD or median (interquartile range). Non-normally distributed data were In-
transformed to normality before analysis. P < 0.05 was considered to be statistically significant. AN obese
group with Acanthosis nigricans, OB simple obese group, PRL prolactin, BMI body mass index, WC waist
circumference, SBP systolic blood pressure, DBP diastolic blood pressure, 7C total cholesterol, TG triglyc-
eride, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol, FPG fasting
plasma glucose, FINS fasting insulin, HOMA-IR homeostasis assessment model of insulin resistance, OGIS
oral glucose insulin sensitivity, /G insulinogenic index, DI disposition index

OGIS, IGI, and DI before and after surgery were remark-
ably higher in AN group than those in OB group in both
genders (Fig. 4C-G), although ABMI and AFPG did not
differ between groups (Fig. 4A, B).

Alterations in Insulin Secretion Patterns at 12
Months Following LSG

As depicted in Fig. 5, the plasma glucose levels declined
remarkably postoperatively at 5 points in females and at
0, 60, 120, and 180 min in males in both groups (Fig. 5A,
B). The insulin levels at 0, 120, and 180 min declined
significantly in both groups regardless of gender (all P <
0.01), whereas the insulin levels at 60min were decreased
significantly in females with AN and males without AN
(all P < 0.05) (Fig. 5C, D). In addition, the insulin peak
time changed from 120 to 60 min in AN group and from
60 to 30min in OB group without gender difference
(Fig. 5C, D). Also, the proportion of type II pattern of
insulin secretion in AN group declined from 51.3 to 8.1%
among females and from 59.1 to 9.1% among males (all
P < 0.01), which was more pronounced than that in OB
group (females: 26.3% vs. 5.3%; males: 29.4% vs. 11.8%,
all P <0.05) (Fig. SE, F).

Relationship Between Elevated PRL and Changes
in Insulin Secretion and Beta-cell Function at 12
Months Following LSG

To explore the correlation between PRL variations and
changes in insulin secretion and p-cell function after LSG, the
Pearson’s correlation analysis was applied (Table 3). Among
females, APRL correlated significantly with AFINS (r =
—0.485, P = 0.002), AHOMA-IR (r = —0.442, P = 0.006),
AOGIS (r=0.481, P =0.003), AIGI (r = 0.352, P = 0.029),
and ADI (r=0.613, P < 0.001) in AN group but AFPG (r =
—0.409, P =0.011) in OB group. Among males, APRL corre-
lated significantly with AHOMA-IR (r = —0.744, P < 0.001),
AOGIS (r=0.436, P = 0.003), AIGI (r = 0.394, P = 0.009),
and ADI (r = 0.378, P = 0.013) in AN group, which was
not observed in OB group. No significant associations were
observed between APRL and ABMI, ATC, ATG, AHDL-C,
and ALDL-C in both groups. To examine the contribution of
PRL variations to the improved insulin secretion and p-cell
function after surgery, multivariate linear regression analysis
was performed (Table 4). After adjusting for age, baseline
BMI, and ABMI, the elevated PRL correlated remarkably
with AHOMA-IR (f = —0.433, P = 0.041), AOGIS (f =
0.467, P =0.035), AIGI (= 0.492, P = 0.031), and ADI (3 =

@ Springer
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Fig.2 Baseline insulin secretion
patterns and plasma glucose
levels during an OGTT. Insulin
secretion patterns were derived
based on peak time of insulin
secretion during a 2-h OGTT:
type I (peak time at 30 or
60min), type II (peak time at
120 or 180 min). A, B In either
gender, the plasma glucose
levels did not differ between OB
and AN groups at any point.

C, D Compared to OB group,
AN group had significantly
higher insulin levels at 0, 120,
and 180 min in both genders,
as well as higher insulin levels
at 60 min only in females. E, F
As opposed to OB group, AN
group had significantly higher
proportions of Type II insulin
secretion pattern in both gen-
ders. One asterisk (*) P < 0.05,
two asterisks (**) P < 0.01,
three asterisks (***) P < 0.001.
P < 0.05 was considered to be
statistically significant
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0.484, P = 0.029) among females, as well as AHOMA-IR ($
=—0.699, P < 0.001), AIGI (f =0.380, P = 0.017), and ADI
(# =0.333, P = 0.019) among males, which was observed
only in the AN group but not OB group. In contrast, there
were no significant associations of APRL with AFPG and
AFINS in either group (all P > 0.05).

Discussion
Obesity-associated AN is currently the most common

skin lesion in obesity [8] and poses a great health bur-
den to the affected individuals and therapeutic challenge
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for physicians; however, the mechanism underlying the
pathogenesis of obesity-associated AN has not been fully
elucidated. In the present study, we revealed a significant
delayed insulin secretion response, impaired p-cell func-
tion, and declined serum PRL levels in morbidly obese
patients with AN compared to those without AN, which
was remarkably improved at 12 months following LSG.
Additionally, the changes of insulin secretion and p-cell
function after LSG were more pronounced and correlated
significantly with elevated serum PRL levels in AN group
as opposed to OB group, indicating that the alleviated
insulin secretion and fB-cell function in AN group after
LSG might be mediated by the increased serum PRL. Our
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Fig.3 Alterations in the skin
condition and severity score in
patients with AN pre- and 12
months post-LSG. We observed
noticeable improvement in the
skin condition (A) and marked
reduction in AN score (B) at

12 months after LSG from
baseline. Versus baseline, three
asterisks (***) P < 0.001

AN Score

findings provide a novel insight in the pathogenesis of obe-
sity-associated AN and the important role of serum PRL
in the regulation of insulin secretion and p-cell function.
Obesity-associated AN is proved to be often accompa-
nied by more severe metabolic abnormalities than simple
obesity, such as abdominal obesity, hypertension, and hyper-
insulinemia [7, 12, 32]. In agreement with this, the present
study showed that patients in AN group had significantly
higher weight, BMI, WC, SBP, DBP, and FINS than those
in OB group. As is commonly known, IR is the crucial
mechanism in the pathogenesis of AN in obesity [13, 33].
It can be explained by the direct and indirect activation of
the insulin-like growth factor receptor by hyperinsulinemia,
which triggers the dermal fibroblast, and thus leads to the
proliferation of epidermal keratinocyte [34]. Consistently,
the present study and our previous studies demonstrated sig-
nificantly higher FINS and more severe IR in obese patients
with AN than their counterparts [7, 14, 32]. Notably, in some
cases, obese individuals who have severe IR do not have
the cutaneous feature of AN, implying that there must be
other essential factors involving in the occurrence of AN in
obesity. Intriguingly, recent studies have reported signifi-
cantly impaired insulin secretion and p-cell dysfunction in

Baseline | 12 months after LSG

***P<0.001 **P<0.001

T T

T
Females Males

@B Bascline T3 12 months after LSG

morbidly obesity [15, 16]. Using both diet-and genetically-
induced obese rodent models, Ying and colleagues [35, 36]
found significantly increased accumulation of pancreatic
macrophages in obese mice, thereby leading to the devel-
opment of obesity-associated islet inflammation, which
mechanistically involved in -cell hyperplasia and impairing
insulin secretory capacity in a PDGFR signaling-dependent
manner. Moreover, Zhang et al. [16] revealed that miR-802
was significantly increased in islets of both dietary and
genetic obese mouse models, which caused impaired insulin
transcription and secretion, and p-cell dysfunction mediated
by upregulation of transcription factor Foxol and repression
of NeuroDI and Fzd5. In a population-based prospective
cohort study including 94,952 participants in Chinese adults,
Wang et al. [37] found a significant association of p-cell
dysfunction with incident T2DM. Hayashi et al. [17] also
revealed that the delayed insulin secretion response could
independently predict the incidence of T2DM. In view of
that obesity-associated AN and T2DM often have the com-
mon pathophysiological basis such as IR, we hypothesize
that there might be p-cell dysfunction and delayed insulin
secretion in morbidly obese patients with AN, which has
not been explored to date. As expected, the present study
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Table 2 Twelve-month change estimates for metabolic related variables following LSG

Parameters Females, OB group
Baseline 12mo after LSG

PRL (pmol/L) 530.55+32.07 526.89+58.88
AN score - -
BMI (kg/m?) 36.59+4.71 26.97+4.08
WC (cm) 113.96+13.32 93.86+15.89
TC (mmol/L) 4.59+1.05 4.16+0.71
TG (mmol/L) 1.79+1.04 1.06+0.68
HDL-C (mmol/L) 1.18+0.50 1.56+0.56
LDL-C (mmol/L) 2.74+0.91 2.70+0.96
FPG (mmol/L) 6.17+2.00 5.03+1.37
LnFINS (mU/L) 3.08+0.41 2.00+0.60
LnHOMA-IR 1.86+0.66 0.48+0.11
LnOGIS 5.62+0.24 6.24+0.29
LnIGI 3.40+0.80 3.99+1.42
LnDI 1.36+0.19 3.03+0.23

Parameters Males, OB group

Baseline 12mo after LSG

PRL (pmol/L) 514.73+28.28 466.20+29.52
AN score - -
BMI (kg/m?) 37.21+4.94 28.21+4.64
WC (cm) 117.37£9.77 93.86+15.89
TC (mmol/L) 4.67+1.02 3.67+0.65
TG (mmol/L) 2.10+1.56 0.83+0.23
HDL-C (mmol/L) 0.98+0.22 1.27+0.29
LDL-C (mmol/L) 2.77+0.71 2.00+0.52
FPG (mmol/L) 5.88+1.37 4.75+0.81
LnFINS (mU/L) 2.99+0.63 2.17+0.53
LnHOMA-IR 1.68+0.77 0.55+0.11
LnOGIS 5.76+0.48 6.10+0.23
LnlIGI 3.58+0.71 3.89+1.22
LnDI 2.03+0.21 2.85+0.31

Females, AN group

P value Baseline 12mo after LSG P value
0.947 350.66+16.99 524.54+41.47 0.001
/ 3.21+0.86 1.10+0.68 <0.001
<0.001 40.69+4.80 29.93+5.64 <0.001
<0.001 120.08+10.81 99.60+14.64 <0.001
0.045 4.66+0.78 4.34+0.94 0.024
<0.001 2.15+1.92 0.97+0.44 <0.001
0.022 1.05+0.33 1.26+0.24 0.003
0.864 2.75+0.76 2.70+0.80 0.680
0.001 6.55+2.67 4.66+0.76 <0.001
<0.001 3.35+0.49 2.39+0.67 <0.001
<0.001 2.33+0.58 0.81+0.13 <0.001
<0.001 5.48+0.32 6.23+0.22 <0.001
0.036 2.99+0.76 3.53+1.22 0.019
<0.001 0.98+0.14 2.67+0.22 <0.001
Males, AN group
P value Baseline 12mo after LSG P value
0.078 431.22+22.83 515.06+44.48 0.004
/ 3.34+0.83 1.11+0.57 <0.001
<0.001 43.42+6.12 31.09+5.05 <0.001
0.018 129.69+12.71 98.00+10.50 0.001
0.002 4.46+1.06 4.11+0.80 0.013
0.004 2.04+0.91 1.03+0.65 0.029
0.002 0.96+0.32 1.11+0.23 0.005
0.001 2.74+0.96 2.52+0.68 0.069
0.003 6.14+2.62 4.29+0.37 <0.001
<0.001 3.51+0.62 2.24+0.72 <0.001
<0.001 2.17+0.71 0.58+0.11 <0.001
0.046 5.54+0.33 6.17+0.22 <0.001
0.044 2.76+0.97 3.79+0.69 <0.001
0.024 0.89+0.23 3.20+0.11 <0.001

PRL prolactin, BMI body mass index, WC waist circumference, TC total cholesterol, TG triglyceride, HDL-C high-density lipoprotein choles-
terol, LDL-C low-density lipoprotein cholesterol, FPG fasting plasma glucose, FINS fasting insulin, HOMA-IR homeostasis assessment model
of insulin resistance, OGIS oral glucose insulin sensitivity, /G/ insulinogenic index, DI disposition index. Non-normally distributed data were
In-transformed to normality before analysis. P < 0.05 was considered to be statistically significant

showed that AN group had significantly higher proportions
of type II pattern of insulin secretion (peak time at 120 or
180 min) during OGTT than OB group in both males and
females. That was to say, the pattern of delayed insulin secre-
tion response was mainly found in AN group. Furthermore,
we demonstrated a marked reduction in OGIS, IGI, and DI
in AN group as opposed to OB group in both genders. These
findings suggest that AN group had significantly delayed
insulin secretion pattern, impaired insulin secretion, as well
as p-cell dysfunction as compared to OB group without gen-
der difference. The reason for this phenomenon may be that
insulin sensitivity and insulin secretion in the early phase
were decreased and the p-cell function was impaired in those
with delayed insulin secretion patterns [17, 38]. Therefore,

@ Springer

more attention should be given to those with delayed pattern
of insulin secretion in the AN group. To our best knowl-
edge, this is the first study to examine the insulin secretion
response and p-cell function in morbidly obese patients with
AN, which can broaden our understanding in the mechanism
of obesity-associated AN.

PRL is a multifunctional pituitary hormone that plays
a crucial role in diverse physiological functions broadly
classified as reproduction and lactation, immune modula-
tion, osmoregulation, and metabolic homeostasis [18, 19].
Lately, research related to the influence of PRL signaling
on metabolic modulation have attracted more attention, and
disorganized PRL and its receptor signaling in metabolic
tissues can result into multiple pathological conditions in
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Fig.4 Comparison of changes in metabolic related indices at 12
months post-LSG from baseline between AN and OB group. A was
calculated as changes of metabolic variables before and after LSG.
The absolute values of AFINS (C), AHOMA-IR (D), AOGIS (E),
AIGI (F), and ADI (G) were significantly higher in AN group than
OB group regardless of gender, whereas ABMI (A) and AFPG (B)

host supported by multiple preclinical and clinical studies. In
population-based studies, Glintborg et al. [39] demonstrated
that serum PRL levels correlated inversely with TC, TG,
and LDL-C and positively with HDL-C in premenopausal
women with or without PCOS. Additionally, serum PRL
levels were significantly lower in individuals with T2DM
[23] or non-alcoholic fatty liver disease (NAFLD) [20] than
their controls. In experimental animal studies, PRL adminis-
tration significantly downregulated hepatic TG accumulation
in female mice and protected male mice from liver steato-
sis induced by HFD [40]. Conversely, PRLR-deficient mice
fed with HFD developed more severe IR, glucose intoler-
ance, and adipocyte hypertrophy in comparison with con-
trol mice [21]. Therefore, we assumed that there might be

did not differ between groups. BMI body mass index, FPG fasting
plasma glucose, FINS fasting insulin, HOMA-IR homeostasis assess-
ment model of insulin resistance, OGIS oral glucose insulin sensitiv-
ity, IGI insulinogenic index, DI disposition index. One asterisk (*) P
< 0.05, two asterisks (**) P < 0.01, three asterisks (***) P < 0.001.
ns, no statistical significance in variables between AN and OB group

certain association between serum PRL and the incidence
of obesity-associated AN; however, data with regard to their
relationship in such a population is limited. Interestingly,
our study found that morbidly obese patients with AN had
significantly declined levels of serum PRL as compared to
those without AN in both males and females, indicating that
serum PRL may play an important role in the pathogenesis
of obesity-associated AN. The possible explanation may
be that low PRL levels are associated with obesity, glucose
intolerance, T2DM, metabolic syndrome, and fatty liver [20,
41]. These metabolic disorders have been validated to be
closely linked to hyperinsulinemia and IR [42, 43], which
is commonly known to be the crucial contributing factor to
the development of AN in obesity [13].
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Fig.5 Changes in insulin
secretion pattern and plasma
glucose levels during an OGTT
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LSG, as a widely used bariatric surgery around the world,
has been demonstrated to be safe and effective for achiev-
ing substantial weight loss and metabolic control of obesity
and its comorbidities [7, 44, 45], which was in accordance
with our results. More importantly, we detected significantly
improved insulin secretion response in AN group, determined
by the peak time of insulin secretion during OGTT chang-
ing from 120min to 60min in AN group in both genders.
Furthermore, we observed a significant increase in OGIS,
IGI, and DI, and reduction in FINS and HOMA-IR in both
groups, whereas the variations of these items were more pro-
nounced in AN group as opposed to OB group. In line with
some of these findings, our previous studies showed that sub-
stantial weight loss induced by LSG could result in a much
more significant reduction in FINS and HOMA-IR in obese
patients with AN compared to their controls [7, 14]. OGIS, a

@ Springer

model-based method for assessing insulin sensitivity from the
OGTT [31, 38], has been reported in several studies. In the
study by Pontiroli et al. [46], OGIS was significantly improved
at 7 days after biliopancreatic diversion (BPD) in 10 subjects
with baseline BMI 54.513.75kg/m2. Also, Mari et al. [47]
revealed a significant restoration in OGIS within 10 days fol-
lowing BPD in 32 morbidly obese patients (BMI 52.0+7.0 kg/
m?). Another study by Samaras et al. [48] showed a marked
improvement in OGIS at 2 and 12 weeks among 15 obese par-
ticipants (BMI 43.4+4.9 kg/m?) who underwent laparoscopic
adjustable gastric banding surgery. These results support an
early benefit effect of bariatric surgery on insulin sensitiv-
ity. Moreover, IGI is a widely accepted index evaluating the
early-phase insulin secretion response during an OGTT [49].
In a prospective study including 98 obese participants who
underwent LSG, Sista and colleagues [50] divided them into
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Tab.le.?a Co.r relation of ,PRL Parameters Females (n=77) Males (n=61)

variation with changes in

metabolic related indices at 12 OB (n=38) AN (n=39) OB (n=17) AN (n=44)

months after LSG

r(P) r(P) r(P) r(P)

ABMI (kg/m?) —0.056 (0.739) 0.052 (0.759) 0.170 (0.513) 0.082 (0.604)
ATC (mmol/L) —0.031 (0.855) —0.296 (0.076) —0.318 (0.213) —0.142 (0.370)
ATG (mmol/L) —0.263 (0.111) 0.063 (0.709) 0.038 (0.885) —0.217 (0.167)
AHDL-C (mmol/L) 0.030 (0.860) —0.197 (0.243) —0.216 (0.406) —0.101 (0.525)
ALDL-C (mmol/L) —0.325 (0.056) —0.252 (0.132) —0.373 (0.140) 0.074 (0.642)
AFPG (mmol/L) —0.409 (0.011) 0.016 (0.927) 0.201 (0.439) —0.266 (0.085)
AFINS (mU/L) —0.264 (0.109) —0.485 (0.002) 0.411 (0.101) —0.133 (0.395)
AHOMA-IR —0.222 (0.180) —0.442 (0.006) —0.112 (0.668) —0.744 (<0.001)
AOGIS 0.201 (0.226) 0.481 (0.003) —0.438 (0.078) 0.436 (0.003)
AIGI —0.262 (0.113) 0.352 (0.029) 0.014 (0.959) 0.394 (0.009)
ADI 0.037 (0.826) 0.613 (<0.001) 0.097 (0.710) 0.378 (0.013)

A was calculated as changes of metabolic variables at baseline and 12 months after LSG. PRL prolactin,
BMI body mass index, TC total cholesterol, TG triglyceride, HDL-C high-density lipoprotein cholesterol,
LDL-C low-density lipoprotein cholesterol, FPG fasting plasma glucose, FINS fasting insulin, HOMA-IR
homeostasis model assessment of insulin resistance, OGIS oral glucose insulin sensitivity, /G/ insulino-
genic index, DI disposition index. P < 0.05 was considered statistically significant

Table 4 Multiple regression analysis of variation in PRL with changes in metabolic indices at 12 months after LSG

Parameters Females (n=77) Males (n=61)

OB (n=38) AN (n=39) OB (n=17) AN (n=44)

p t P p t P p t P p t P
AFPG (mmol/L) —-0.427 -2.063 0.051 -0.127 -0.762 0453 -3.188 —-0.919 0400 -0.148 -0.957 0.346
AFINS (mU/L) -0.112 -0.508 0.616 -0.304 —-1.537 0.137 0.569 1.345 0.237  0.157 1.245 0.223
AHOMA-IR -0.041 -0.165 0.870 —-0.433 -2.086 0.041 -0568 —1.553 0.181 —0.699 —-5.278 <0.001
AOGIS 0.017 0.096 0.924  0.467 2.279 0.035 —-1.585 —-1.096 0.323  0.067 0.544 0.591
AIGI -0.057 -0.322 0.750 0.492 2.613 0.031 -0.902 -1.561 0.179 0.380 2.558 0.017
ADI 0.028 0.145 0.885 0.484 2.317 0.029  0.609 1.257 0.264  0.333 2.785 0.019

A was calculated as alterations in variables before and 12 months after LSG. FPG fasting plasma glucose, FINS fasting insulin, HOMA-IR
homeostasis model assessment of insulin resistance, OGIS oral glucose insulin sensitivity, /GI insulinogenic index, DI disposition index. All
data were adjusted for age, baseline BMI, and ABMI. P < 0.05 was considered statistically significant

two groups based on resected gastric volume (RGV) (group
A, RGV <1200 mL; group B, RGV >1200 mL). The results
demonstrated that IGI was significantly increased postopera-
tively from baseline, with Group B performing better than
group A at the 3rd day and at the 6th, 12th, and 24th months.
Their further study detected a noticeable increase in IGI at
the first 3 days, and 6, 12, and 24 months after LSG among
91 obese patients [51]. Furthermore, DI is a common index
measuring f-cell function and defined as the product of insu-
lin sensitivity and insulin secretion [17]. In a retrospective
study by Salinari et al. [52], the results reported an about
10-fold increase in the DI derived from OGTT at 1 month
after BPD in obese subjects with T2DM, which was simi-
lar to the values found in normal-weight control subjects. In

contrast, Kashyap et al. [53] revealed a 5.8-fold increase in
the DI at 12 months after gastric bypass among patients with
moderate obesity and T2DM. These findings support that bar-
iatric surgery provides marked restoration of insulin secretion
and p-cell function. However, evidence regarding the impact
of LSG on those items related to insulin secretion and p-cell
function is limited in morbidly obese patients with AN. Unlike
in previous studies, we observed significantly increased OGIS,
IGI, and DI at 12-month post-LSG from baseline in both AN
ands OB groups, with their more prominent variations in AN
group than in OB group. These results indicate that LSG is
also effective in improving insulin secretion and f-cell func-
tion among morbidly obese patients with AN, but the exact
mechanism needs to be furtherly investigated and warranted.
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Lately, evidence has accumulated that serum PRL levels
are significantly lower in obese individuals accompanied
by multiple comorbidities such as T2DM, IR, or NAFLD
than their controls [20, 21, 23, 54], and metabolic improve-
ment induced by bariatric surgery has produced controver-
sial impact on the levels of serum PRL during follow-up
[27]. In a retrospective study by Wang et al. [27], the results
showed that serum PRL levels were significantly decreased
in the high PRL (HP) group and increased in the normal
PRL (NP) group at 12 months following LSG. In contrast,
Mingrone et al. [55] demonstrated a significant reduction in
24-h plasma PRL concentrations and normalization of its
secretion rhythm in severely obese fertile women at 1 year
after BPD. In addition, Chen et al. [56] reported a marked
reduction in serum PRL levels in obese men at least 1 year
postoperatively (28 patients undergoing LSG and 31 under-
going LRYGB). Notably from our study, we investigated
the serum PRL levels in morbidly obese patients with or
without AN according to gender before and 12 months post-
LSG, and detected that serum PRL levels were significantly
decreased in AN group as opposed to OB group without gen-
der difference at baseline, which were significantly elevated
at 1 year postoperatively observed only in AN but not OB
group. Inconsistently, Emami et al. [57] found that serum
PRL levels showed no significant changes in patients who
had undergone bariatric surgery. In view of this fact, it is
important to underline that this discrepancy among these
studies might result from different sample size, study popu-
lations, surgical procedures, and follow-up duration.

Noticeably, multiple observational studies have reported
the close association of serum PRL with insulin secretion
and p-cell function in humans and rodents [58, 59]. Yang
et al. [58] reported that low serum PRL levels within the
physiological range were associated with increased risk of
IR and f-cell dysfunction in infertile women with PCOS.
Additionally, targeted knockout of PRLR signaling in
B-cells led to reduced p-cell proliferation and insulin secre-
tion, which ultimately induced the occurrence of gesta-
tional diabetes mellitus during pregnancy [59]. However,
no previous study has been designed to investigate the asso-
ciation of PRL variation and changes in insulin secretion
and p-cell function among Chinese morbidly obese patients
with AN following LSG. Thus, we further evaluated the
alterations of serum PRL after LSG and tried to examine
whether PRL elevation correlated with improved insulin
secretion and fB-cell function in such a population. As a
result, the correlation analysis revealed that elevated PRL
levels after LSG in AN group correlated significantly with
increased OGIS, IGI, and DI, and decreased HOMA-IR in
both genders, as well as decreased FINS among females.
To identify the contribution of PRL variations to the alle-
viated insulin secretion and B-cell function after opera-
tion, multivariate linear regression analysis was performed.
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After adjusting for age, baseline BMI, and changes in BMI
after LSG, the elevated PRL in AN but not OB group was
still correlated significantly with decreased HOMA-IR and
increased OGIS, IGI, and DI in females whereas correlated
with decreased HOMA-IR and increased IGI and DI in
males. This indicates that alleviated insulin secretion and
B-cell function in obese patients with AN following LSG
may benefit from the elevated PRL in addition to substan-
tial weight reduction and metabolic improvement.
However, the underlying mechanism of elevated serum
PRL contributing to the improved insulin secretion and
p-cell function after surgery remains elusive. Available
evidence has demonstrated that the moderately elevated
PRL would promote p-cell mass by increasing p-cell pro-
liferation and neogenesis through the phosphorylation of
STAT-5, and potentiate GSIS though glucokinase (GK)
and glucose transporter 2 (GLUT-2) induction in the dia-
betic rats [22]. Thus, we assumed that surgery-induced
elevation of serum PRL might be responsible for the
improved insulin secretion and f-cell function through
potentiating STAT-5 phosphorylation and molecular
expression of GK and GLUT-2. A second explanation
may derive from the marked increased serum adiponec-
tin induced by surgery [60]. Adiponectin, as an adipokine
that is secreted in large quantities primarily from adipose
tissue and directly sensitizes the body to insulin, has
potential therapeutic targets to combat obesity-associated
diseases characterized by IR [61]. Previous studies have
showed that serum PRL correlated positively with circu-
lating adiponectin levels and were significantly reduced
in insulin-resistant subjects [21]. Moreover, adiponectin
was positively associated with insulin secretion estimated
using the index DI after adjusting IR (95%CI1 0.06-0.24, P
= 0.0016) [62]. We thus infer that the elevation of serum
PRL may mediate the improvement of insulin secretion
and P-cell function through increased circulating adi-
ponectin after surgery. Another noteworthy explanation
may result from the significant improvement of hyperin-
sulinemia and IR after surgery [6, 7]. Lower PRL serum
levels have been revealed to be associated with a higher
HOMA-IR [54], and the elevated PRL could promote
adipose tissue fitness and insulin sensitivity in obese rats
and human [21]. In addition, hyperinsulinemia caused by
IR further results in the activation of IGF-1 receptors on
keratinocytes and fibroblasts directly or indirectly, finally
leading to hyperplasia and hyperpigmentation observed
in AN [34]. Furthermore, infusion of IGF-1 LR3, an
analog of IGF-1 with high affinity for the IGF-1 recep-
tors, for 1 week could reduce insulin concentrations and
GSIS in vivo and in vitro [63]. We speculate that altera-
tion in the insulin/IGF-1 axis accompanied by improved
IR after surgery contributes to the long-term alleviation
of insulin secretion and B-cell function. Consistently, in
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our study, we detected significantly decreased serum PRL
levels, increased FINS and HOMA-IR, as well as declined
OGIS, IGI, and DI in AN group compared to OB group at
baseline, which were reversed significantly at 12 months
following LSG. Strikingly, we demonstrated a significant
correlation of elevated PRL with decreased HOMA-IR and
increased IGI and DI in both genders, which was observed
only in the AN but not OB group. Taken together, the
elevated PRL may make a contribution to the improvement
of insulin secretion and p-cell function following LSG.
Still, further mechanistic studies are needed to elucidate
the exact mechanism.

Undeniably, several limitations must be acknowledged in
the present study. Firstly, we used a relatively small sample
size for assessing the insulin secretion, -cell function, serum
PRL, and their clinical outcomes at 12 months following LSG
in morbidly obese patients with AN, which could lead to the
high variability. Secondly, there exist unmeasured confound-
ing factors including menstrual cycles, dietary, physical activ-
ity, and sleep schedule, which could affect the study results.
Thirdly, our study findings concluded from the relatively short
follow-up period after LSG might not represent the long-term
effects of LSG on p-cell function, insulin secretion patterns,
and serum PRL levels. Future studies with extended follow-
up in a larger cohort are warranted to verify our findings and
investigate the underlying mechanism.

Conclusion

Morbidly obese patients with AN present significant delayed
insulin secretion response, impaired insulin secretion, and
B-cell dysfunction, which could be significantly ameliorated
by LSG and might be mediated by significant elevated serum
PRL levels. Further studies are needed to validate our find-
ings and elucidate the exact mechanism.
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