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ABSTRACT
The spexin-based GALR2 agonist (NS200) is a novel drug, which has shown antidepressant and
anxiolytic action in a recent experimental study. In this study, we investigated the effects of
NS200 on renal injury in an animal model of type 2 diabetes. Eight-week-old diabetic db/db
mice were administered NS200 for 12 weeks. NS200 was intraperitoneally administered at a
dose of 1.0 mg/kg/day. Metabolic parameters and structural and molecular changes in the
kidneys were compared among the three groups: non-diabetic db/m control, db/db mice, and
NS200-treated db/db mice. In db/db mice, NS200 administration did not impact the body
weight, food and water intake, urinary volume, fasting blood glucose level, or HbA1c levels.
Insulin and glucose tolerance were also unaffected by NS200 treatment. However, NS200
improved urinary albumin excretion and glomerulosclerosis in diabetic kidneys. Activation of
TGFβ1 and insulin signaling pathways, such as PI3 K /AKT/ERK, were inhibited by NS200. In
conclusion, a spexin-based GALR2 agonist attenuated diabetic nephropathy by alleviating renal
fibrosis in mice with type 2 diabetes. Spexin-based GALR2 agonists have considerable potential
as novel treatment agents in diabetic nephropathy.
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Introduction

Diabetic nephropathy is the most common cause of end-
stage renal disease worldwide. Antihypertensive drugs
targeting suppression of the renin-angiotensin-aldoster-
one (RAAS) system have been widely used to prevent
organ damage in diabetes (Mistry and Bakris 2023).
Recent clinical trials have shown that a new class of anti-
diabetic drugs, including sodium-glucose cotransporter
2 inhibitors and dipeptidyl peptidase 4 inhibitors in
addition to RAAS blockade, are effective against diabetic
nephropathy and reduce cardiovascular-related events
in patients with diabetes (Zinman et al. 2015; Garg
et al. 2017; Neal et al. 2017; Mahaffey et al. 2018;
Furtado et al. 2019; Wiviott et al. 2019). However, the
progression of diabetic nephropathy is not completely
controlled. Patients with hyperglycemia develop dia-
betic complications, including diabetic nephropathy,
even after the normalization of blood glucose (Kato
and Natarajan 2019). Therefore, although current treat-
ments can slow the decline in renal function, the
search for novel drugs for diabetic nephropathy has con-
tinued (Kim et al. 2022).

Recent studies have reported that multidisciplinary
management, including blood glucose control, blood
pressure and lipid control, and lifestyle modifications
(appropriate weight control, diet restriction, and
smoking cessation) are important for reducing cardio-
vascular risk (Alkhatib et al. 2023). However, many
patients with metabolic syndrome have behavioral risk
factors, such as poor diet, sleep, and physical activity,
and suffer from depression (Liu et al. 2017). Both
depression and metabolic syndrome are risk factors for
type 2 diabetes and cardiovascular complications, with
evidence showing a bidirectional association between
them (Rosengren et al. 2004). Although depression is
commonly associated with eating disorders, regulatory
mechanisms underlying feeding and satiety remain
unclear.

Spexin, galanin, and kisspeptin are three related bio-
active peptides that have gained attention for their roles
in regulating energy metabolism, mood, and behavior
(Mills et al. 2021). These peptides have been classified
as members of the same family, but the specific inter-
actions that link energy homeostasis, mood, and
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behavior remain unknown. Spexin is a novel 14-amino
acid neuropeptide involved in energy homeostasis that
plays an important role in metabolic diseases (Behrooz
et al. 2020). Spexin lowers blood glucose levels by
increasing blood glucose uptake into skeletal muscle.
This study suggests that spexin has beneficial effects in
obesity-related disorders. However, to date, no spexin-
specific receptors have been identified. Spexin shares
receptors with galanin in various organs, especially the
brain, to control anxiety and depression (Yun et al.
2019; Mills et al. 2021). Galanin is a 30-amino acid
peptide derived from a 123-amino acid polypeptide pre-
cursor in humans. Natural galanin binds to the galanin
receptor (GALR) 1 and GALR2 with high affinity but
shows relatively low affinity for GALR3. GALRs induce
different G protein signaling pathways, with GALR1
and GALR3 activating Gi-coupled inhibitory signaling,
and GALR2 activating Gq-coupled stimulatory signaling.
Spexin can stimulate GALR2 and GALR3 with high
potency but does not stimulate GALR1 (Kim et al.
2014). GALRs perform a wide range of physiological
functions through subtype-specific signaling pathways.

Owing to the cross-reactivity between spexin and
galanin as well as the complexity of the GALR-mediated
signaling pathway, a more stable and selective GALR
agonist was developed. Thus, the synthetic spexin-
based GALR2 agonist has selectivity for GALR2 com-
pared to GALR1 and GALR3 (Reyes-Alcaraz et al. 2016)
and produces anxiolytic and antidepressant effects in
animal experiments. Moreover, it has potential for clini-
cal applications in GALR2-mediated disorders such as
obesity, anxiety, and depression (Jeong et al. 2019;
Yun et al. 2019).

In this study, we investigated the effects of a spexin-
based GALR2 agonist treatment on kidney injury and
obesity-related metabolic syndrome in mice with type
2 diabetes.

Materials and methods

Animal experiments

Eight-week-old male diabetic db/db mice (C57BLKS/J-
leprdb/leprdb) and male non-diabetic db/m mice
(C57BLKS/J-leprdb/+) were purchased from Central Lab
Animal Inc. (Seoul, South Korea). Mice were divided
into three experimental groups (n = 10 in each group):
db/m mice injected with vehicle, db/db mice injected
with vehicle, and db/db mice treated with a spexin-
based GALR2 agonist (NS200). The mice received an
intraperitoneal injection of NS200 diluted with PBS to a
final dose of 1 mg/kg as described in the previous
study (Yun et al. 2019). The control mice received the

same volume of PBS. NS200 was administered five
times per week for 12 weeks at the targeted dose. All
mice were provided with standard chow and water
and were maintained at constant temperature (23 ± 2°
C) and humidity (55 ± 5%) with an artificial light cycle.
Daily food and water intake was monitored at regular
intervals. Body weight, food and water intake, urine
volume, fasting blood glucose concentration, and
HbA1c levels were measured at baseline and at 4, 8,
and 12 weeks. Blood glucose levels were measured
using the glucose oxidase method (OneTouch Ultra,
Johnson & Johnson Co., CA, USA), and HbA1c levels
were calculated using the IN2IT system (Bio-Rad Labora-
tories, Hercules, CA, USA). To determine urinary albumin
excretion, the mice were caged individually, and 24-h
urine samples were collected at the indicated times.
Urinary albumin concentration was determined using a
competitive enzyme-linked immunosorbent assay kit
(ALPCO, Westlake, OH, USA). We performed an insulin
tolerance test (ITT) and a glucose tolerance test (GTT)
to determine the insulin resistance and glucose intoler-
ance state, respectively, of each group at the end of
the study. ITT was conducted by intraperitoneal injection
of 0.75 units/kg regular insulin in fasted mice and by
measuring blood glucose levels at 0, 30, 60, 90, and
120min thereafter. The GTT was performed by intraper-
itoneal injection of 2 g dextrose per kilogram of body
weight after an 8-h fasting period, and blood samples
were collected from the tail vein. Mice were sacrificed
under anesthesia with intraperitoneal injections of tri-
bromoethanol (Avertin®; 50 mg/kg), and tissues were
weighed and snap-frozen in liquid nitrogen. At the end
of the study period, systolic blood pressure was
measured using tail-cuff plethysmography (LE 5001-
Pressure Meter, Letica SA, Barcelona, Spain). All exper-
iments were conducted in accordance with NIH guide-
lines and with the approval of the Korea University
Institutional Animal Care and Use Committee (KOREA-
2018-0154).

Histological and immunohistochemical analyses

The kidney samples were fixed in 4% paraformaldehyde
and embedded in paraffin. Tissues were cut into 4-µm-
thick slices and stained with hematoxylin and eosin
(H&E) and periodic acid- Schiff (PAS). For immunohisto-
chemical staining, sections were transferred to 10 mM/L
citrate buffer solution adjusted to a pH of 6.0 and then
microwaved for 10–20 min to retrieve antigens for
TGFβ1 and F4/80 staining. Alternatively, the sections
were transferred to Biogenex Retrieval buffer (pH 8.0;
InnoGenex, San Ramon, CA, USA) and treated with
trypsin (Sigma, St. Louis, MO, USA) for 30 min at 37°C to
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detect type IV collagen. To block endogenous peroxidase
activity, 3.0% H2O2 in methanol was applied to the tissue
sections for 20 min. Samples were incubated at room
temperature for 60 min in 3% BSA/3% normal goat
serum (type IV collagen), followed by a 30-min incubation
in 20% normal sheep serum (TGFβ1). Slides were incu-
bated overnight at 4°C with rabbit polyclonal anti-
TGFβ1 antibody (1:200; Santa Cruz Biotechnology Inc.),
rabbit polyclonal anti-type IV collagen antibodies (1:150;
BioDesign International, Sarco, ME, USA), and rabbit poly-
clonal anti-spexin antibody (1:100; Phoenix Pharmaceuti-
cals, Burlingame, CA, USA). After overnight incubation,
slides were incubated with secondary antibodies for
30 min. For coloration, slides were incubated at room
temperature with a mixture of 0.05% 3,3′-diaminobenzi-
dine containing 0.01% H2O2 and then counterstained
with Mayer’s hematoxylin. Negative control sections
were stained under identical conditions using buffer sol-
ution substituted for the primary antibody. Glomerular
mesangial expansion was scored semi-quantitatively,
and the percentage of the mesangial matrix occupying
each glomerulus was rated from 0 to 4 as follows: 0,
0%; 1, < 25%; 2, 25–50%; 3, 50–75%; and 4, > 75%. The
degree of glomerulosclerosis was scored as described
previously (Kang et al. 2009; Kang et al. 2010). To evaluate
immunohistochemical staining for TGFβ1 and type IV col-
lagen, glomerular fields were graded semi-quantitatively
under a high-power field containing 50–60 glomeruli,
and an average score was calculated as described in a pre-
vious study (Kang et al. 2010).

Protein extraction and western blot analysis

Proteins were extracted from the kidney cortex tissues
using a commercial extraction kit according to the manu-
facturer’s instructions (Active Motif, Carlsbad, CA, USA).
The protein concentration was determined using the
bicinchoninic acid method (Pierce Pharmaceuticals, Rock-
ford, IL, USA). For western blotting, 40 μg of protein per
sample was electrophoresed using 10% sodium
dodecyl-sulfate polyacrylamide gel electrophoresis mini-
gels. The proteins were transferred onto polyvinylidene

difluoride membranes. The membranes were hybridized
in blocking buffer overnight at 4°C with rabbit polyclonal
anti-TGFβ1 antibody (1:1,000; Novus, MO, USA), rabbit
polyclonal anti-type IV collagen antibody (1:1,000;
Abcam Inc., Cambridge, MA, USA), mouse monoclonal
anti-ED1 (macrophage/monocyte marker) antibody
(1:1,000; Abcam Inc.), mouse monoclonal anti-phosphoi-
nositide 3 kinase (PI3 K) antibody (1:500; Abcam Inc.),
rabbit polyclonal anti-p-AKT (1:500; Cell Signaling Tech-
nology, Beverly, MA, USA), rabbit polyclonal anti-AKT
(1:500; Cell Signaling Technology), rabbit polyclonal
anti-phosphorylated extracellular signal-regulated kinase
(p-ERK) (1:500; Cell Signaling Technology), rabbit polyclo-
nal anti-ERK (1:500; Cell Signaling Technology), rabbit
polyclonal anti-p-p38 (1:500; Cell Signaling Technology),
rabbit polyclonal anti-p38 (1:500; Cell Signaling Technol-
ogy), and mouse monoclonal anti-β-actin antibody
(1:2,000, Sigma-Aldrich, St. Louis, MO, USA). Membranes
were subsequently incubated with horseradish peroxi-
dase-conjugated secondary antibody (1:1,000 dilution
for 60 min at room temperature). The signals were
detected using enhanced chemiluminescence (Amer-
sham, Buckinghamshire, UK).

Analysis of gene expression by real-time
quantitative polymerase chain reaction

Total RNA was extracted from renal cortical tissues using
TRIzol reagent and further purified using an RNeasy Mini
Kit (Qiagen, Valencia, CA, USA). Primers were designed
from the respective gene sequences using Primer 3 soft-
ware (Whitehead Institute, Cambridge, MA, USA), and
the secondary structures of the templates were exam-
ined and excluded using mfold software (Rensselaer
Polytechnic Institute, Troy, NY, USA). The nucleotide
sequences of all primers used in this study are presented
in Table 1. Quantitative gene expression was performed
using SYBR Green technology on a LightCycler 1.5
system (Roche Diagnostics Corporation, Indianapolis,
IN, USA). Thermocycling conditions consisted of 22–30
cycles of denaturation for 10 s at 95°C, followed by
annealing and extension for 30 s at 60°C. Expression of
each gene relative to β-actin (relative gene expression)
was calculated by subtracting the threshold cycle
number of the target gene from that of β-actin and cal-
culating 2 to the power of that number. The specificity of
each PCR product was evaluated by melting curve analy-
sis, followed by agarose gel electrophoresis.

Statistical analyses

Non-parametric analyses were performed because of the
relatively small number of samples. Results were

Table 1. Primers sequences for real-time quantitative PCR.
Target gene Primer sequences

TGFβ1, forward AGCCCGAAGCGGACTACTAT
TGFβ1, reverse CTGTGTGAGATGTCTTTGGTTTTC
PI3K, forward GAGCTTTCCAAGGAGCAGAA
PI3K, reverse CTGAGGGTCACTGGCTGACT
Spexin, forward CTCTATCTGAAGGGTGCACAG
Spexin, reverse TCTGGGTTTCGTCTTTCTGGA
GALR2, forward CTCACGCGTGCCACTTAC
GALR2, reverse AAACGATGGGGTTGACACAC
β-actin, forward GGACTCCTATGTGGGTGACG
β-actin, reverse CTTCTCCATGTCGTCCCAGT
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expressed as mean ± SEM. Comparisons were performed
using the Wilcoxon rank-sum test and the Bonferroni
correction. The Kruskal-Wallis test was used to
compare more than two groups, followed by the
Mann-Whitney U test. Values of p < 0.05 were considered
statistically significant. Statistical analyses were per-
formed using IBM SPSS for Windows (version 20.0; IBM
Corporation, Armonk, NY, USA).

Results

Physical and biochemical parameters of
experimental animals

The physical and biochemical parameters of each exper-
imental group are listed in Table 2. As expected, diabetic
db/db mice showed more significant increases in body
weight, food and water intake, and urinary volume
than non-diabetic db/m controls over 3 months.
Fasting blood glucose and HbA1c levels were also sig-
nificantly higher in db/db mice than in db/m mice
throughout the study period. However, NS200 had no
effect on the body weight, food and water intake, or
urinary volume in mice with type 2 diabetes. Fasting
blood glucose and HbA1c levels did not change after
NS200 treatment of db/db mice. To determine the
effect of NS200 treatment on insulin resistance par-
ameters, we performed an ITT and GTT after 12 weeks

of NS200 treatment. Diabetic db/dbmice showed signifi-
cantly higher ITT and GTT values than those of the db/m
controls. However, no changes were observed in either
the ITT or GTT in response to NS200 in db/db mice
(Figure 1A and B). These results indicated that spexin-
based GALR2 agonists do not improve metabolic syn-
drome in animals with type 2 diabetes.

Effects of spexin-based GALR2 agonist treatment
on diabetic kidney disease

To evaluate the effects of spexin-based GALR2 agonist
treatment on renal injury in type 2 diabetic mice, we
examined the histological changes to determine the
effect of spexin-based GALR2 agonist treatment on dia-
betic kidney disease. H&E and PAS staining were per-
formed on the kidney tissue of the three groups.
Figure 2A shows representative histological findings
in experimental mouse kidneys at the end of the
study period. Diabetic db/db mouse kidneys exhibited
more severe glomerulosclerosis and greater mesangial
expansion than those of non-diabetic db/m controls.
NS200 significantly improved glomerulosclerosis in
db/db mice, as shown in Figure 2 (A and B). Next, we
measured 24 h-urine albumin excretion, which was
higher in db/db mice than in db/m controls. Consistent
with the renal histological changes, NS200 significantly
decreased urinary albumin excretion after 12 weeks
(Figure 2C). These results suggest that spexin-based
GALR2 agonists may protect renal injury in diabetic
kidney disease.

Role of spexin-based GALR2 agonist in molecular
changes of diabetic kidney disease

Subsequently, we investigated changes in profibrotic
and proinflammatory molecules in diabetic kidney
disease. When TGFβ1, type IV collagen, and ED1
protein syntheses were compared, we found an increase
in their expression in diabetic db/db mouse kidneys, but
these changes were decreased by NS200, as shown in
Figure 3. We also assessed the expression of proteins
associated with insulin signaling, including PI3 K, AKT,
ERK, and p38. PI3 K and p-ERK were significantly acti-
vated in db/db mouse kidneys, and these changes
were inhibited by NS200 (Figure 3). p-AKT activation
showed a tendency to increase in db/db mouse
kidneys and decrease following NS200 treatment.
However, p-p38 and p38 protein expression levels did
not change in any of the three groups. Our results
suggest that the protective mechanism of a spexin-
based GALR2 agonist in diabetic nephropathy are associ-
ated with the renal PI3 K/AKT/ERK and TGFβ1 pathway.

Table 2. Basic physical and biochemical parameters

Parameters Week
db/m +
Vehicle

db/db +
Vehicle

db/db + NS
200

Body weight, g 0 27.35 ± 0.32 37.58 ± 0.58 * 38.49 ± 0.41 *
4 29.62 ± 0.31 43.44 ± 0.85 * 43.32 ± 0.74 *
8 31.50 ± 0.43 48.30 ± 1.37 * 48.50 ± 0.97 *
12 32.42 ± 0.42 47.13 ± 1.97 * 47.60 ± 0.65 *

Food intake, g/
day

0 3.52 ± 0.06 5.51 ± 0.09 * 5.42 ± 0.11 *

4 3.35 ± 0.02 5.08 ± 0.06 * 5.20 ± 0.10 *
8 3.30 ± 0.15 4.67 ± 0.14 * 4.65 ± 0.10 *
12 3.28 ± 0.07 4.98 ± 0.20 * 4.80 ± 0.12 *

Water intake,
g/day

0 5.03 ± 0.13 8.99 ± 0.40 * 9.52 ± 0.61 *

4 7.25 ± 0.07 13.1 ± 0.47 * 13.7 ± 0.39 *
8 4.44 ± 0.16 14.3 ± 0.94 * 14.4 ± 0.48 *
12 5.59 ± 0.08 16.8 ± 1.14 * 15.7 ± 0.71 *

Urine volume,
ml/day

0 0.50 ± 0.12 0.72 ± 0.10 0.81 ± 0.06

4 0.31 ± 0.13 1.87 ± 0.16 * 2.13 ± 0.19 *
8 0.27 ± 0.06 2.22 ± 0.31 * 2.50 ± 0.30 *
12 0.21 ± 0.04 2.36 ± 0.35 * 2.77 ± 0.22 *

FBS, mg/dL 0 174 ± 10.1 378 ± 39.1 * 380 ± 27.4 *
4 207 ± 10.0 621 ± 52.8 * 562 ± 37.7 *
8 177 ± 6.81 618 ± 40.2 * 725 ± 31.6 *
12 186 ± 7.30 639 ± 31.1 * 647 ± 25.9 *

HbA1c, % 0 5.02 ± 0.37 6.81 ± 0.41 * 6.95 ± 0.89 *
4 5.43 ± 0.60 10.3 ± 1.01 * 11.1 ± 1.06 *
8 4.87 ± 0.47 9.91 ± 0.92 * 9.22 ± 0.65 *
12 4.27 ± 0.08 9.87 ± 0.54 * 9.30 ± 0.62 *

FBS, fasting blood sugar; SBP, systolic blood pressure; Values are expressed
as mean ± SEM. Statistical analysis was performed between groups at the
same period of time. *p < 0.05 db/m vs db/db
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To confirm the role of spexin-based GALR2 agonists in
diabetic kidney disease, immunohistochemistry was per-
formed on the kidneys of db/m, db/db, and NS200-
treated db/dbmice. Expression of TGFβ1 and type IV col-
lagen were increased in diabetic db/db mouse kidneys.
However, NS200 inhibited the expression of TGFβ1 and
type IV collagen in diabetic db/db mouse kidneys. The
scoring indices for immunohistochemistry are shown
in Figure 4. We also compared mRNA expression in dia-
betic nephropathy. The mRNA expression of TGFβ1 and
PI3 K was increased in diabetic db/dbmouse kidneys and

suppressed by NS200, as shown in Figure 4. Since there
have been few reports on the role of spexin and its
receptor in kidney diseases, we examined spexin and
GALR2 synthesis in diabetic db/db mouse kidneys.
Spexin gene expression was increased in diabetic db/
db mouse kidneys and was decreased by NS200;
however, GALR2 gene expression did not change in
the kidneys of db/m, db/db, or NS200-treated db/db
mice (Figure 4). These results demonstrated that the pro-
tective action of the spexin-based GALR2 agonist against
diabetic nephropathy through an antifibrotic effect.

Figure 1. Diabetic db/dbmice show significant differences in ITT and GTT compared to non-diabetic db/mmice (A, B). However, there
are no changes in ITT and GTT between vehicle-injected db/db mice and NS200-treated db/db mice (A, B). Values are expressed as
mean ± SEM. *p < 0.05 db/mmice with vehicle vs db/dbmice with vehicle, #p < 0.05 db/dbmice with vehicle vs db/dbmice with NS200

Figure 2. The kidneys of diabetic db/db mice exhibit more severe glomerulosclerosis than in non-diabetic db/m mice (A, B). NS200
improves glomerulosclerosis in diabetic db/db mice (A, B). Urinary albumin excretion is higher in diabetic db/db mice than in non-
diabetic db/m. NS200 decreases urinary albumin excretion after 12 weeks of treatment (C). H&E, Hematoxylin and eosin; PAS, Periodic
acid- Schiff. Values are expressed as mean ± SEM. *p < 0.05 db/m mice with vehicle vs db/db mice with vehicle, **p < 0.01 db/m mice
with vehicle vs db/db mice with vehicle,***p < 0.001 db/m mice with vehicle vs db/db mice with vehicle, #p < 0.05 db/db mice with
vehicle vs db/db mice with NS200, ### p < 0.001 db/db mice with vehicle vs db/db mice with NS200
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Discussion

Herein, we observed a protective role of a spexin-based
GALR2 agonist in diabetic nephropathy. The spexin-
based GALR2 agonist improved urinary albumin
excretion and histopathological and molecular changes
in renal injury without lowering plasma glucose and
HbA1c levels in diabetic mice. Additionally, the spexin-
based GALR2 agonist did not alter insulin or glucose tol-
erance in type 2 diabetic animals. Interestingly, the
spexin-based GALR2 agonist improved diabetic nephro-
pathy but did not change metabolic parameters includ-
ing body weight, blood sugar level, HbA1c, or insulin
resistance. These findings indicated that spexin-based
GALR2 agonists may have a direct protective effect
against kidney injury and not a systemic effect on meta-
bolic syndrome.

In this study, we used leptin receptor-deficient mice
as an animal model of type 2 diabetes. The leptin recep-
tor gene, which encodes a high-affinity receptor for

leptin receptor, was identified in the mouse choroid
plexux (Tartaglia et al. 1995; Chen et al. 1996). Through
the leptin receptor, leptin activates signaling pathways,
including Janus kinase 2-signal transducer and activator
of transcription 3, insulin receptor substrate-PI3 K, ERK,
and AMP-activated kinase, and regulates insulin sensi-
tivity (Liu et al. 1998; Morton et al. 2005). Defects in
either leptin or insulin signaling in the brain result in
hyperphagia, glucose intolerance, and insulin resistance
(Niswender and Schwartz 2003; Park et al. 2022). In the
hypothalamus, two types of neurons, proopiomelano-
cortin (POMC) and neuropeptide Y(NPY)/agouti-related
peptide (AgRP), control feeding and satiety. Leptin-
responsive neurons are observed in nearly all the hypo-
thalamic areas. Deletion of leptin receptors, such as
POMC and NPY/AgRP, in neurons can cause hyperphagia
and obesity in mice. Spexin is involved in the action of
hypothalamic leptin on POMC gene expression to
control feeding behavior (Jeong et al. 2022). Moreover,
spexin plays a crucial role in the regulation of leptin

Figure 3. The expression of TGFβ1, type IV collagen, and ED1 increases in diabetic db/dbmice, and NS200 suppresses their expression
(A, B). The expression of PI3 K (p85), p-AKT, and p-ERK is activated in diabetic db/db mice, and this change is inhibited by NS200.
However, p-p38 protein expression does not show any difference among the three groups (A, B). Col 4, type IV collagen. p-AKT/
AKT means the ratio of p-AKT to total AKT expression. p-ERK/ERK means the ratio of p-ERK to total ERK expression. p-p38/p38
means the ratio of p-p38 to total p38 expression. Values are expressed as ± SEM. *p < 0.05 db/m mice with vehicle vs db/db mice
with vehicle, ***p < 0.001 db/m mice with vehicle vs db/db mice with vehicle, ##p < 0.01 db/db mice with vehicle vs db/db mice
with NS200, ### p < 0.001 db/db mice with vehicle vs db/db mice with NS200
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Figure 4. The expression of TGFβ1 and type IV collagen increases in diabetic db/db mice (A, B). However, NS200 inhibits TGFβ1 and
type IV collagen expression in diabetic db/db mice (A, B). TGFβ1 and PI3 K mRNA expression increases in diabetic db/db mice and
decreases by NS200 (C). Spexin mRNA expression increases in diabetic db/db mice and decreases by NS200, but expression of
galanin receptor (GALR) 2 does not differ among the three mouse groups (C). Col 4, type IV collagen. Values are expressed as
mean ± SEM. **p < 0.01 db/m mice with vehicle vs db/db mice with vehicle, ***p < 0.001 db/m mice with vehicle vs db/db mice
with vehicle, #p < 0.05 db/db mice with vehicle vs db/db mice with NS200, ##p < 0.01 db/db mice with vehicle vs db/db mice with
NS200, ###p < 0.001 db/db mice with vehicle vs db/db mice with NS200
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secretion and resistance, and crosstalk between spexin
and leptin can occur in patients with obesity and dia-
betes (Yu et al. 2022). This crosstalk may explain why
the spexin-based GALR2 agonist did not affect the meta-
bolic parameters of the leptin receptor-deficient diabetic
animals in our experiment. We did not investigate the
interaction between spexin and leptin; however, we
demonstrated the beneficial effect of a spexin-based
GALR2 agonist on diabetic kidneys. Interestingly, the
spexin-based GALR2 agonist acts on diabetic nephropa-
thy through its antifibrotic action. Indeed, we demon-
strated that, in diabetic nephropathy, the spexin-based
GALR2 agonist significantly inhibited TGFβ1 and PI3 K/
AKT/ERK activation. Taken together, these results
suggest that the protective effects of spexin-based
GALR2 agonists occur through an antifibrotic pathway
related to the renal insulin signaling pathway.

Spexins are newly identified neuropeptides that regu-
late energy homeostasis. Spexins alter the hypothalamic
feeding circuits, leading to anorexia. Spexin increases
the hypothalamic expression of POMC, leptin receptors,
and melanocortin receptors (Wong et al. 2013; Walewski
et al. 2014). In human studies, spexin levels are lower in
patients with type 1 or 2 diabetes and obesity than in
controls (Gu et al. 2015; Karaca et al. 2018; Kolodziejski
et al. 2018). Microarray studies on fat biopsies have
revealed that spexin is the most frequently down-regu-
lated gene in the fat of patients with obesity (Kumar
et al. 2016). In contrast, pregnant women with diabetes
present high plasma spexin levels. In our preliminary
study, plasma spexin levels were higher in diabetic
mice than non-diabetic controls, even when compared
to other renal disease models, such as unilateral ureteral
obstruction mice (not shown). In this study, spexin gene
expression was also increased in diabetic kidneys.
However, it is unclear whether the elevated spexin
expression is a compensatory response or an epipheno-
menon. This study had some limitations regarding the
role of spexins in diabetic nephropathy. We did not
observe spexin protein expression in diabetic nephropa-
thy. Spexin is primarily expressed in the brain; however,
its role in the kidneys remains unknown. In addition,
spexin gene expression in the diabetic kidneys was sup-
pressed by NS200. Interestingly, despite being a selec-
tive GALR2 agonist, NS200 did not induce any
significant changes in GALR2 gene expression. This
suggest that NS200 influence spexin gene expression
through an alternative pathway.

Galanin is widely distributed throughout the central
nervous system and in peripheral tissues. GALR2 genes
is highly expressed in the heart, kidney, liver, hypothala-
mus, small intestine, and hippocampus but not in the
cerebral cortex, adrenal gland, lung, lymph node,

pituitary, spleen, and stomach (Borowsky et al. 1998). A
recent study reported that the expression of GALR2
was inhibited in the mesenteric arteries of spon-
taneously hypertensive and stroke-prone spontaneously
hypertensive rats (Ikawa et al. 2019).

In our study, GALR2 gene expression did not differ
among control, diabetic, and spexin-based GALR2
agonist-treated diabetic mice. These results suggest
that the effect of the spexin-based GALR2 agonist on
diabetic nephropathy acts independent of the GALR2
and G-protein coupling signaling pathways. Further-
more, the spexin-based GALR2 agonist inhibited renal
insulin signaling pathways, such as PI3 K/AKT/ERK,
although the mechanism remains poorly understood.
There are limited data regarding the effect of GALR2
on insulin resistance in various organs, such as the
heart, liver, skeletal muscle, and adipose tissues, in
obesity and diabetes (Kim and Park 2010; Fang et al.
2018). One study reported that GALR2 activation attenu-
ates insulin resistance in the skeletal muscles of obese
mice (Fang et al. 2018). That activation of GALR2 alle-
viated insulin resistance through the p38 mitogen-acti-
vated protein kinase/PGC-1α/GLUT4 and AKT/AKT
substrate 160/GLU4 T pathways in the skeletal muscle
of mice. However, there are no reports on the effect of
GALR2 activation on insulin signaling in kidney injury.
We demonstrated the effect of a GALR2 agonist on
insulin resistance in diabetic kidneys despite the
paucity of data on the systemic role of this new drug.
Further studies on the specific mechanism of GALR2 acti-
vation to ameliorate diabetic nephropathy regarding the
renal insulin signaling pathway are necessary.

In conclusion, spexin-based GALR2 agonists
improved diabetic nephropathy without altering meta-
bolic syndrome parameters. Our results suggest that,
in addition to its antidepressant and anxiolytic effects,
the spexin-based GALR2 agonist can provide a new
class of therapeutic targets in diabetic nephropathy.
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