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Purpose: Gestational diabetes mellitus (GDM) induces cardiovascular and metabolic dis-
turbances in offspring. However, the effects of GDM in pain processing in offspring and 
whether male and female offspring are equally affected is not well known. Thus, we 
determined: i) whether GDM in mice affects offspring hindpaw mechanical sensitivity, 
capsaicin-induced spontaneous pain-like behaviors, and epidermal nerve fiber density 
(ENFD); and ii) whether there is sexual dimorphism in these parameters in offspring from 
GDM dams.
Methods: GDM was induced in pregnant ICR mice via i.p. streptozotocin (STZ). Then, 
glucose levels from dams and offspring were determined. Male and female offspring 2–3 
months of age were evaluated for: a) baseline mechanical sensitivity of the hind paw by 
using von Frey filaments; b) number of flinches and time spent guarding induced by 
intraplantar capsaicin (0.1%); and c) density of PGP-9.5 and CGRP axons in the epidermis 
from the hind paw glabrous skin.
Results: Prepartum levels of glucose in STZ-treated dams were significantly increased 
compared to vehicle-treated dams; however, GDM or vehicle offspring displayed normal 
and similar blood glucose levels. Male and female GDM offspring showed significantly 
greater mechanical sensitivity and capsaicin-induced pain behaviors compared to vehicle 
offspring. Male GDM offspring displayed a slightly more intense nociceptive phenotype in 
the capsaicin test. PGP-9.5 and CGRP ENFD in hind paw glabrous skin were greater in male 
and female GDM offspring versus their controls. Sexual dimorphism was generally not 
observed in GDM offspring in most of the studied parameters.
Conclusion: These results suggest GDM induced greater pain-like behaviors in adult off-
spring regardless of sex along with an increased ENFD of PGP-9.5 and CGRP in the hind 
paw glabrous skin. We show that GDM peripheral neuropathy differs from diabetic periph-
eral neuropathy acquired in adulthood and set the foundation to further study this in human 
babies exposed to GDM.
Keywords: offspring, long-term effects, nociception, CGRP

Introduction
GDM is the most common medical complication of pregnancy and it has become 
one of the leading causes of maternal and child mortality and morbidity 
worldwide.1–4 During pregnancy, women with GDM may be afflicted with several 
comorbidities or complications including preeclampsia, polyhydramnios, premature 
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rupture of membrane or caesarean section.2–4 Additionally, 
the offspring born from women with GDM are prone to 
suffer from macrosomia, congenital deformities, hypogly-
cemia, respiratory distress syndrome and neonatal 
trauma.4,5 Recent studies have shown a strong association 
between GDM and the development of some long-term 
health conditions for both the mother and offspring, 
including obesity,6 type-2 diabetes7 and cardiovascular 
diseases.8,9

Preclinical studies have reported that GDM may also 
affect nociceptive processing in the offspring. Neurons of 
the medullary dorsal horn (a critical anatomical site for the 
processing of orofacial nociceptive information) from off-
spring of mice with diabetes have a higher sensitivity to 
GABA, which is a major inhibitory neurotransmitter in the 
CNS and has a major role in pain regulation and nocicep-
tive transmission.10 Additionally, it has recently been 
shown that offspring from rats with alloxan-induced 
GDM have a significantly greater a) baseline sensitivity 
to thermal stimulation, b) mechanical sensitivity after car-
rageenan injection and c) percentage of substance P and 
IB4 neuron profiles in the lumbar DRG as compared to 
those values in offspring from rats treated with vehicle.11 

Although these previous studies suggest that GDM may 
induce changes in the nociceptive system in offspring 
suggestive of diabetic peripheral neuropathy, there are 
still fundamental gaps in our current knowledge related 
to the effects of GDM in offspring in the context of 
diabetes and its potential neuropathic consequences. For 
example, 1) Diabetic peripheral neuropathy is correlated to 
hyperglycemic levels and is histopathologically character-
ized by a reduction in epidermal nerve fiber density 
(ENFD); however, it is unknown whether GDM affects 
the density of nerve fibers innervating the skin of off-
spring. And, 2) Diabetes affects men and women similarly, 
but males are at higher risk of developing diabetic periph-
eral neuropathy than females;12 however whether sexual 
dimorphism of diabetic peripheral neuropathy exists in 
GDM offspring has not yet been interrogated. Thus, the 
present study aims to bridge these gaps. Specifically, our 
aims are 1) to determine the state of mechanical sensitiv-
ity, spontaneous pain-behaviors evoked by intraplantar 
capsaicin, and the density of PGP9.5 and CGRP epidermal 
nerve fibers of hind paw glabrous skin in offspring from 
mice with GDM; and 2) determine whether a sex differ-
ence exists by comparing these parameters in female and 
male GDM offspring.

Materials and Methods
General
Animals
Adult ICR mice used for mating (17 female and 8 male) 
were obtained from Harlan Laboratories (Mexico City, 
Mexico), with an initial age of 7–9 weeks (body weight 
20–25 g). Mice were housed at a temperature of 22 ± 2 °C, 
with a 12-hour light/dark cycle, and with free access to 
food and water. All the experiments were performed in 
accordance with the NIH Guide for Investigation of 
Experimental Pain in Animals13 and were approved by 
our local Ethics Committee of Unidad Académica 
Multidisciplinaria Reynosa-Aztlán, UAT (CEI-UAMRA 
-2019-12). Efforts were made to minimize the number of 
animals used.

Reagents
The compounds used in the present study were streptozo-
tocin (STZ; catalog number S0130; Sigma-Aldrich Co.), 
capsaicin (catalog number M2028; Sigma-Aldrich Co.). 
Streptozotocin was dissolved in sodium citrate buffer pH 
4.5 0.1M. Capsaicin 1% was dissolved in 20% of ethanol, 
7% to polyethylene glycol sorbitan monooleate (Tween 
80; catalog number P1754; Sigma-Aldrich Co.) and the 
dilution of 0.1% capsaicin was made with saline solution. 
Fresh solutions were prepared for each experiment. The 
doses of all compounds refer to their free bases.

Gestational Diabetes Model
Mice were mated overnight, two or three females per 
male. The presence of vaginal plug on the next morning 
indicated the gestation day 0.5 (GD0.5). Gestational dia-
betes was induced by intraperitoneal administration of 
STZ dissolved in sodium citrate buffer pH 4.5 0.1M. 
STZ was administrated for three consecutive days as fol-
lows: 100 mg/kg on gestational day 7, 100 mg/kg on 
gestational day 8, and 80 mg/kg on gestational day 9. 
Control animals received vehicle using the same treatment 
paradigm.14 Other pregnant mice were administered with 
sodium citrate buffer pH 4.5 0.1M on the same days of 
gestation (vehicle group, VEH). Dams were randomly 
allocated to receive STZ or vehicle. The concentration of 
serum glucose through caudal vein was measured (mg/dL; 
Accutrend Plus, Roche) following an 8-hour fasting per-
iod, at baseline (24 hours before first STZ administration), 
at 48 hours after STZ administration (post-treatment), and 
on the GD16 (prepartum; Figure 1A). In each offspring 
group, mice were born from at least 4 different dams.
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Oral Glucose Tolerance Test in the Offspring
Oral glucose tolerance test (OGTT) was performed at 16 
weeks of age in offspring from vehicle or STZ-treated 

dams. Mice fasted for 12 h and then received a bolus of 
aqueous glucose solution (2 g/kg) that was delivered into 
the stomach by a gavage probe (20-gauge, 38 mm long 

Figure 1 Experimental design, blood glucose levels and body weight in dams and offspring. Scheme showing the experimental design for the induction of diabetes during 
pregnancy (A) and all assays performed in offspring (B). Repeated administration of streptozotocin (STZ, n=12) increased the blood glucose levels in pregnant mice 
compared to those in pregnant mice treated with vehicle (VEH) at 48 hours after the last STZ administration and prepartum (n=5) (C). There were no significant changes in 
glucose levels in both female and male offspring of dams treated with STZ versus those mice born from dams treated with VEH (D). The induction of diabetes during 
pregnancy significantly decreased the body weight of dams before partum versus VEH treated dams (E). Similarly, offspring born from dams treated with STZ showed 
a significantly decreased body weight in both female (F) and male (G) as compared to those offspring of dams treated with VEH. Data are presented as mean ± SEM; *p<0.05 
vs VEH. Two-way repeated measures ANOVA followed by Tukey post-hoc test.
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curved, with a 21/4 mm ball end). Glucose quantification 
was performed in blood samples obtained from the tail 
vein using the calibrated glucometer system Accu-Chek 
Performa (Roche Diagnostic, Germany). Blood glucose 
quantification was performed at 0 (basal), 15, 30, 45, 60, 
and 120 min after the glucose load.15 Then, the area under 
the curve (AUC) for blood glucose was calculated.

Evaluation of Mechanical Sensitivity in the 
Offspring
Baseline mechanical sensitivity in the offspring was assessed 
weekly at 12, 13, and 14 weeks of age using the up-down 
method.16 Briefly, mice were placed on an elevated plastic 
cage with wire mesh floor for 60 minutes prior to testing. 
Tactile thresholds were measured with a series of calibrated 
von Frey filaments (Stoelting, Wood Dale, IL, USA) ranging 
from 2.44 to 4.56 (0.02–4.00g). Each von Frey filament was 
pressed perpendicularly against the mid-plantar surface of 
the hind paw from below the mesh floor and held in place for 
6–8 seconds in a slightly bent form. Flinching of the paw was 
designated as a positive response. Mechanical values for the 
left and right hind paws were measured and the 50% prob-
ability of withdrawal threshold was calculated16,17 (Figure 
1B). Once mechanical sensitivity was evaluated, mice were 
not tested for at least five days before next behavioral evalua-
tion. All behavioral analyses were performed between 07:00 
and 13:00 h by an observer blinded to the animals’ experi-
mental conditions.

Evaluation of Pain-Like Behaviors Induced 
by Intraplantar Capsaicin in the Offspring
Capsaicin test was performed in offspring (female and males) 
at 15 weeks of age. Mice were placed in open acrylic obser-
vation chambers for 30 min to allow them to acclimatize to 
their surroundings. Mirrors were placed behind the chambers 
to enable unhindered observation. Animals were gently 
restrained while the intraplantar of the right hind paw was 
injected with 10 µL of capsaicin (0.1%; i.pl.) with a 30-gauge 
needle. They were then returned to the chambers and noci-
ceptive behavior was observed immediately after capsaicin 
injection. Spontaneous behavior was quantified as the num-
ber of flinches and time spent guarding of the injected paw 
for 5 minutes intervals over a period of 30 minutes in each 
experimental group.18,19 Flinches were defined as the num-
ber of times the animal raised its hind paw; the spontaneous 
guarding of the ipsilateral hind limb was defined as the 
amount of time the animals held the hind paw aloft while 

stationary. All behavioral analysis was performed between 
07:00 and 13:00 h by an observer blinded to the animals’ 
experimental conditions (Figure 1B).

Tissue Harvesting and 
Immunohistochemistry
Animals used for immunohistochemistry (IHC) were sacri-
ficed at 16 weeks of age. It should be noted that mice used for 
IHC did not receive any capsaicin injection to exclude out 
potential effects of intraplantar injection on nerve fiber den-
sity. Mice were deeply anesthetized with a mixture of keta-
mine and xylazine (100/10 mg/kg) followed by transcardiac 
perfusion first with phosphate-buffered saline (PBS, 0.1 M, 
pH 7.4, 4°C) and followed by 4% paraformaldehyde in PBS. 
Glabrous skin from both hind paws were harvested, post- 
fixed for 24 hours in the same fixative. Then, the hind paw 
skin was cryoprotected in 30% sucrose solution at 4°C until 
the tissue was processed for IHC. Serial frozen sections of the 
glabrous skin from the hind paws (20 μm) were cut with 
a cryostat (Leica CM1900) and thaw-mounted on gelatin- 
coated slides for processing. Posteriorly, the skin sections 
were washed in 0.1 M PBS, three times for 10 minutes each, 
incubated for 1 hour with a blocking solution consisting of 
3% Normal Donkey Serum and 0.3% Triton X100 in 0.1 
M PBS, and then incubated for 12 hours with a PGP-9.5 
(Protein gene product 1:3000; Cedarlane; catalog number 
CL7756AP) or CGRP (Calcitonin gene-related peptide; 
1:3000; Sigma Aldrich; catalog number C8198) primary 
antibody. Subsequently, preparations were washed in PBS 
and then incubated for 3 hours with the secondary antibody 
(Cy3 monoclonal donkey anti-rabbit 1:600; Jackson 
ImmunoResearch; Catalog number 711–165-152). Later, 
skin sections were washed in PBS, dehydrated through an 
alcohol gradient (70, 80, 90, and 100%), cleared in xylene, 
and coverslipped with DPX mounting medium. For the 
quantification of the ENFD, initially, at least 10 separate 
skin sections were scanned at low magnification (10x) to 
identify the areas with the best integrity through an epifluor-
escence microscope (Axio Scope.A1, Carl Zeiss, Jena, 
Germany). Then, an image of this area of a least 5 different 
skin sections per mouse was obtained at 20x magnification 
using a Carl Zeiss scanning confocal laser microscope 
(model LSM 800, Jena, Germany). The Z-stack images 
were analyzed using ImageJ software (National Institutes of 
Health) to determine the total length of nerve fibers. To do 
this, the nerve fibers innervating the epidermis were manu-
ally traced using the freehand line tool. The determination of 
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the area of evaluation was obtained by manually tracing the 
area of the epidermis. ENFD data are presented as the mean 
of the total length of nerve fibers (µm) per 100 µm2 of the 
epidermis.20 This analysis was performed by an investigator 
that was blinded to group allocations.

Statistical Analysis
The results are expressed as mean ± standard error of the 
mean (SEM) for each experimental group. Curves were 
constructed by plotting the glucose levels, the number of 
flinches and the guarding time as a function of time. Area 
under the curve (AUC) were constructed and compared 
among groups. Experiments were analyzed by using two 
or three-way repeated measures analysis of variance 
(ANOVA) or two-way ANOVA followed by Tukey post- 
hoc test comparison where appropriate. Statistical signifi-
cance was accepted at p<0.05. All statistical analyses were 
performed using GraphPad Prism version 8.0® software 
package for Windows (GraphPad Software Inc., San 
Diego, CA, U.S.A.).

Results
Effects of Experimental GDM on Blood 
Glucose Levels and Body Weight in Dams 
and Offspring
Dams treated with STZ are considered to experience GDM 
when serum glucose concentrations are higher than 
200 mg/dL.21,22 Based on this criterium, GDM induction 
success rate was 70.59% in our mouse model. Fasting 
blood glucose levels were significantly higher in STZ 

dams at GD11 (315.25±19.48 mg/dL) and prepartum 
(366.75±29.03 mg/dL) compared to those dams treated 
with VEH (111.8±9.46 and 101.8±3.22 mg/dL, respec-
tively) [F(1,15)=44.3; Figure 1C]. Moreover, the induction 
of GDM significantly decreased the body weight of dams 
before partum versus VEH treated dams [F(1,15)=8.388; 
Figure 1E].

There were no significant changes in glucose levels 
in both female or male offspring from STZ dams com-
pared to offspring from VEH dams (Figure 1D) at 12 
weeks of age. A significant decrease in body weight was 
observed in female [F(1,41)=43.55; Figure 1F] and male 
[F(1,35)=48.96; Figure 1G] offspring from dams treated 
with STZ versus offspring from dams treated with VEH. 
Additionally, we calculated the percentage of body 
weight gain of dams and offspring. The weight gain 
was significantly smaller in dams treated with STZ as 
compared to dams treated with vehicle at 16 gestation 
days [F(1,15)=39.38; Table 1]. On other hand, the weight 
gain was significantly greater in the female offspring 
from STZ-treated dams as compared to female offspring 
from VEH-treated dams at 8, 12 and 16 weeks-old 
[F(3,76)=16.54; Table 1]. Likewise, the weight gain in 
male offspring from STZ-treated dams was significantly 
greater than that found in male offspring from VEH- 
treated dams at 16 weeks-old [F(3,76)=16.54; Table 1]. 
These findings are in accordance with the hypercaloric 
milk that GDM dams might have,23 and the fact that 
offspring of GDM dams display hyperphagia and over-
weight during their life.24,25 Even though male offspring 

Table 1 Percentage Weight Gain in Dams and in Female and Male Offspring

Percentage Weight Gain (%)

Dams Treatment Gestation Days

11 16

VEH 10.08 ± 2.2 63.71 ± 3.7

STZ 6.13 ± 0.8 32.09 ± 2.3*

Offspring Treatment Weeks of Age

8 12 16

Female VEH 45.01 ± 3.6 76.47 ± 5.9 87.77 ± 7.2
STZ 103.96 ±7.7* 129.84 ± 9.8* 156.56 ± 9.8*

Male VEH 76.71 ± 8.6# 106.80 ± 11.4# 115.31 ± 11.3#

STZ 93.84 ± 6.8 131.23 ± 7.9 152.81 ± 8.6*

Notes: *p <0.05 vs respective control; #p <0.05 VEH female vs VEH male. Two-way repeated measures ANOVA with Tukey post-hoc test. 
Abbreviations: VEH, vehicle; STZ, streptozotocin.
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from VEH treated dams gained more weight than female 
counterparts [F(9,228)=8.896; Table 1], we did not find 
any difference in body weight gain in offspring of STZ- 
treated dams at any time point studied (Table 1).

Effects of Experimental GDM on Oral 
Glucose Tolerance in Offspring
In order to rule out the possibility that STZ given to 
pregnant mice has a potential toxic effect on fetus pan-
creas, we conducted the OGTT in offspring of STZ and 
vehicle treated dams (Figure 2A and B). We observed that 
GDM offspring displayed a similar blood glucose level 
curve to vehicle offspring following OGTT (Figure 2A), 
and the area under de curve was not different among the 
groups (Figure 2B). When we investigated sexual 
dimorphism in the OGTT we found no differences in 
male and female offspring of any of the studied groups, 
GDM or vehicle offspring.

Effects of Experimental GDM on 
Mechanical Sensitivity in Offspring
To determine the effect of GDM on mechanical sensitivity in 
adult offspring, baseline tactile thresholds were measured 
using the up-down method. Both female and male (Figure 
3A and B) offspring from dams treated with STZ had signifi-
cantly reduced withdrawal thresholds in both hind paws [left: 
F(1,36)=525.3; right: F(1,36)=513.3] compared to those of off-
spring from dams treated with VEH. This mechanical hyper-
sensitivity was maintained at 12, 13 and 14 weeks of offspring 
age, indicating that this pro-nociceptive phenotype is chronic.

We also investigated the potential sexual dimorphism of 
mechanical hypersensitivity in our model. We found that 
mechanical thresholds of female and male offspring from 
GDM dams were not different. Similar findings were observed 
in female and male offspring from VEH dams. These results 
indicate that this pro-nociceptive phenotype evoked by 
mechanical stimulation occurs in GDM offspring regardless 
of sex.

Figure 2 Oral glucose tolerance test in offspring. The administration of STZ during pregnancy did not modify glucose levels in female or male mice versus those mice born 
from dams treated with VEH (A). AUC of glucose levels did not show any significant differences (B). Data are presented as mean ± SEM; n=4 each.

Figure 3 Experimental gestational diabetes mellitus significantly increases mechanical sensitivity in offspring. The administration of STZ during pregnancy significantly 
decreases the 50% withdrawal threshold in female and male (A and B) offspring vs VEH groups. Behavioral evaluation was performed in offspring at 12, 13 and 14 weeks of 
age. Data are presented as mean ± SEM; n=10 each. *p<0.05 vs respective control. Three-way repeated measures ANOVA followed by Tukey post-hoc test.
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Effects of Experimental GDM on Capsaicin- 
Induced Pain-Like Behaviors in Offspring
After at least 5 days since the last mechanical evaluation was 
completed, capsaicin test was performed in female and male 
offspring at 15 weeks of age (Figure 4). Injection of capsaicin 
into the hind paw plantar surface of mice produced immediate 
nociceptive responses of the injected paw. Results shown that 
female and male offspring from dams treated with STZ during 
pregnancy have a significantly greater number of flinches 
[F(1,36)=96.12, Figure 4A; and F(1,36)=96.35, Figure 4B] and 
time spent guarding [F(1,36)=40.24, Figure 4C; and F(1,36) 

=40.24, Figure 4D] than offspring from dams treated 
with VEH.

We also investigated the potential sexual dimorphism 
of hypersensitivity induced by i.pl. capsaicin in our 

model. We found that flinching behaviors were greater 
in magnitude in male than female offspring from GDM 
dams only at the 5 min time point [F(1,36)=2.022], but 
this difference disappeared in all other time points 
(Figure 4A). When we analyzed the AUC in male and 
female offspring from GDM dams, we did not find any 
difference (Figure 4B). We did not find any sexual 
dimorphism in guarding behavior in offspring from 
GDM dams at any time point studied (Figure 4C) and 
this was also the case when we analyzed these data as 
AUC (Figure 4D). No differences were observed 
between female and male offspring from VEH dams. 
These results indicate that this pro-nociceptive pheno-
type partially occurs in GDM more prominently in male 
than female offspring.

Figure 4 Experimental gestational diabetes mellitus significantly increases capsaicin-induced pain-like behaviors in offspring. Offspring from mice treated with STZ during 
pregnancy showed a greater number of flinches (A) and time spent guarding (C) compared to offspring from mice treated with VEH. AUC were determinated in both, 
flinches (B) and guarding (D) behavior, we observe statistic differences between STZ group vs their respective control group (VEH) on female and male mice. Capsaicin test 
was performed when offspring were 15 weeks of age. Data are presented as mean ± SEM; n=10 each. *p<0.05 vs respective control, #p<0.05 STZ female vs STZ male. 
Three-way repeated measures ANOVA (temporal course; (A, C)) or two-way ANOVA (AUC; (B, D)) followed by Tukey post-hoc test.

Journal of Pain Research 2021:14                                                                                                     https://doi.org/10.2147/JPR.S313467                                                                                                                                                                                                                       

DovePress                                                                                                                       
1579

Dovepress                                                                                                                                                    Munoz-Islas et al

https://www.dovepress.com
https://www.dovepress.com


Effects of Experimental GDM in Offspring 
Density of Epidermal PGP9.5+ and CGRP+ 

Nerve Fibers in the Glabrous Hind Paw Skin
In order to determine the density of epidermal PGP-9.5 and 
CGRP nerve fibers in the skin of offspring from dams treated 
with STZ or vehicle, we used IHC and confocal microscopy. 

Figures 5 and 6 show representative confocal images of PGP- 
9.5 (Figure 5A–D) and CGRP (Figure 6A–D) in the hind paw 
glabrous skin of 16-week-old offspring from VEH-treated and 
STZ-treated dams. Confocal images of the offspring hind paw 
skin showed that in the epidermis PGP-9.5+ fibers overlapped 
with each other, penetrate into the epidermis in a profuse way 

Figure 5 Offspring from diabetic dams have an increased density of intraepidermal PGP9.5+ nerve fibers in the glabrous hind paw skin. Representative confocal images of 
protein gene product-9.5 (PGP-9.5; (A-B)) in hind paw skin sections (20 μm thick) from female and male VEH ((A and C); respectively) and STZ offspring ((B and D); 
respectively) mice (bar is 50 µm). A significantly increased density of PGP-9.5+ (E; n=7) is observed in the hind paw skin of female and male STZ offspring vs VEH group (n=6 
each). Data are presented as mean ± SEM of length fibers; *p<0.05 vs respective control. Two-way ANOVA followed by Tukey post-hoc test.

Figure 6 Offspring from diabetic dams have an increased density of intraepidermal CGRP+ nerve fibers in glabrous hind paw skin. Representative confocal images of 
calcitonin gene-related peptide (CGRP; (A-B)) in hind paw skin sections (20 μm thick) from female and male VEH ((A and C); respectively) and STZ offspring ((B and D); 
respectively) mice (bar is 50 µm). A significantly increased density of CGRP+ (E; n=7) is observed in the hind paw skin of female and male STZ offspring vs VEH group (n=6 
each). Data are presented as mean ± SEM of calcitonin gene-related peptide (CGRP length fibers; *p<0.05 vs respective control. Two-way ANOVA followed by Tukey post- 
hoc test.

https://doi.org/10.2147/JPR.S313467                                                                                                                                                                                                                                   

DovePress                                                                                                                                                               

Journal of Pain Research 2021:14 1580

Munoz-Islas et al                                                                                                                                                     Dovepress

https://www.dovepress.com
https://www.dovepress.com


and formed thick fiber bundles (Figure 5A–D). CGRP+ fibers 

displayed similar morphological distribution, some fibers 
penetrate into the epidermis where they became thinner, single, 
with obvious varicosities26 (Figure 6A–D). In female off-

spring, quantitative analysis revealed a significantly increased 
density of PGP-9.5+ [F(1,22)=41.99, Figure 5E] and CGRP+ 

[F(1,22)=20.61, Figure 6E] in the hind paw skin of STZ off-
spring versus VEH group. Likewise, male offspring from STZ 

dams showed a significantly increased density of PGP-9.5+ 

[F(1,22)=41.99, Figure 5E] and CGRP+ [F(1,22)=20.61, Figure 

6E] in the hind paw skin compared to offspring from VEH 
dams. When we evaluated the potential sexual dimorphism in 
PGP-9.5+ and CGRP+ staining, we did not find any difference 

between male and female offspring from either STZ or VEH 
treated dams.

Discussion
Our study produced two major findings: 1) That offspring 
from uncontrolled GDM dams develop features consistent 
with a particular diabetic peripheral neuropathy character-
ized by mechanical hypersensitivity, an amplified response to 
a nociceptive challenge (ie, capsaicin), an augmented ENFD, 
and an enhanced nociceptive molecular phenotype (ie, 
CGRP) in the skin. And 2) These neuropathic features in 
GDM offspring occur regardless of sex, however some para-
meters seem to display a sexual dimorphism.

Our results can be interpreted as consequences of an 
effective induction of a hyperglycemic state or GDM since 
our GDM model was successfully reproduced. For example, 
after the administration of STZ in dams, we registered 
a 33.33% of birth success, which is consistent with previous 
studies.14,27–29 Furthermore, in our hands, STZ-injected dams’ 
blood glucose levels were 2.82 and 3.60 times higher on GD11 
and prepartum day, respectively, than those from vehicle- 
treated dams, in line with previous findings.10,30,31 Similarly, 
the GDM offspring body weight reduction observed in our 
experiments is in agreement with the available 
literature.27–29,32,33 Additionally, our results showing that 
blood glucose levels of adult GDM offspring were within 
normal range are consistent with others’ observations.33

In humans GDM develops due to changes in glucose meta-
bolism during pregnancy.1,34 It has been widely reported that 
intrauterine exposure of maternal hyperglycemia negatively 
influences development during fetal and postnatal life, produ-
cing long-term cardiovascular or metabolic conditions.14,35–38 

However, very little is known about the effects of GDM on 
nociceptive transmission in the progeny. The rationale to study 
potential consequences of GDM in the sensory system is based 
on the neurotoxic effects of hyperglycemic states in patients 
with diabetes, namely diabetic peripheral neuropathy.39

In rodents, GDM has been mimicked using surgical, 
genetic, or chemical approaches.40 To our knowledge, only 
two studies have used chemically induced GDM models to 
assess the potential effects of hyperglycemia during pregnancy 
in the offspring nociceptive system. The alloxan-induced 
GDM has been used to study potential effects of GDM in the 
peripheral nociceptive system in rat offspring.11 This model 
produces an insulin-dependent state of diabetes via pancreatic 
beta-cell toxicity. That study shows that GDM adult offspring 
are more sensitive to thermal stimulation under normal condi-
tions and display an exacerbated response to thermal stimula-
tion following an inflammatory challenge via carrageenan, in 
association with an increased proportion in pro-nociceptive 
dorsal root ganglia sensory neurons.11 Another study that 
used a different chemically induced GDM with a similar 
mechanism to alloxan, ie, beta cell toxicity using STZ, eval-
uated changes in the central nervous system in mice.41 

However, until now whether this murine STZ GDM model 
resulted in peripheral nociceptive system alterations was 
unknown. Our current studies using the STZ GDM model 
recapitulate the pro-nociceptive behaviors in association with 
an increase in peripheral nociceptive neurons observed in 
alloxan-GDM offspring, which further demonstrate that hyper-
glycemic states during pregnancy result in a GDM peripheral 
neuropathy characterized by a pro-nociceptive behavioral, 
anatomical, and molecular phenotype in rodent offspring.

Our and others’ findings demonstrating that the GDM 
results in a pro-nociceptive behavioral phenotype in rodent 
offspring is consistent with the behavioral presentation of 
diabetic peripheral neuropathy that develops in adult 
rodents42 and humans43 with diabetes mellitus. Classic diabetic 
peripheral neuropathy in rodents44–48 and humans43 is also 
characterized by a “dying back” of long peripheral sensory 
fibers with a lesser damage to cell bodies at the DRG level, that 
results in the “stocking and glove” sensorial pattern of tingling, 
numbness, and pain.43 For this reason, studies evaluating the 
effects of hyperglycemia in DRG neurons might provide mis-
leading information since neuronal cell bodies are relatively 
preserved in diabetic peripheral neuropathy. Thus, the observa-
tion that GDM offspring display an increase in DRG nocicep-
tive neurons (substance P peptidergic and non-peptidergic 
neurons) and a decrease in DRG myelinated neurons (presum-
ably non-nociceptive fibers)11 needed further confirmation by 
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evaluating skin innervation, which has not been done in GDM 
offspring. Our anatomical studies in skin demonstrate an 
increase in general ENFD and CGRP positive ENFD density, 
which confirms the contrast pathological phenotype between 
classic diabetic peripheral neuropathy (reduction in ENFD) 
and GDM offspring peripheral neuropathy. Interestingly, the 
increase in this subset of peptidergic epidermal nerve fibers in 
GDM offspring is associated with their enhanced behavioral 
responses to capsaicin, which binds to TRPV1 receptors that 
typically are expressed in CGRP positive sensory neurons.49 

Thus, our study demonstrates that an uncontrolled hypergly-
cemic state during pregnancy is sufficient to induce a distinct 
peripheral neuropathy in offspring that is characterized by 
a behavioral, anatomical, and molecular pro-nociceptive sig-
nature. Furthermore, our data indicate that GDM peripheral 
neuropathy in offspring is chronic since our pathological and 
behavioral findings are strikingly present 12–14 weeks after 
birth. Notably, these pro-nociceptive neuropathy does not seem 
to be reversible after glycemic correction because GDM off-
spring displayed normal blood glucose levels after birth. This 
finding could have major clinical implications if they are 
translated to humans since finding a curative treatment could 
be challenging and thus, preventive measures should be inves-
tigated. Yet, whether GDM offspring neuropathy could be 
prevented by glycemic control in the GDM dams during preg-
nancy remains to be elucidated. Certainly, our study sets the 
grounds to test this hypothesis.

Numerous studies have shown sexual dimorphism of pain- 
like behaviors in pre-clinical models of diabetic peripheral 
neuropathy in diabetes mellitus type 1 and type 2.50,51 Since 
this sex-related differences had not been investigated in GDM 
offspring neuropathy, our second aim was focused on the 
hypothesis that sexual dimorphism would be present in the 
outcomes evaluated in GDM offspring. Interestingly, we found 
that the overt pro-nociceptive GDM neuropathy in offspring 
occurred regardless of the sex of offspring. However, the 
intensity of behavioral responses to the capsaicin challenge 
was greater in male GDM offspring than in their female 
counterparts. This more intense pain behavior was observed 
only at one time point studied, and the overall responses to 
capsaicin when evaluated using AUC analysis show no differ-
ences between male and female GDM offspring. It is likely that 
this finding is not biologically significant since guarding beha-
vior following capsaicin, and mechanically evoked pain-like 
behaviors did not display sexual dimorphism. Thus, this appar-
ent statistical sexual difference should be interpreted with 
caution.

We recognize that there are alternative explanations to our 
findings. For example, the increased pain sensitivity as well as 
the increased density of PGP 9.5 and CGRP nerve axons in the 
epidermis could be due to direct toxic effects induced by STZ 
in the developing embryos, since this was injected i.p. at the 
seventh day of gestation. However, if this was the case, one 
would anticipate skin innervation to be reduced, and in fact our 
data show the opposite. More importantly our OGTT in off-
spring demonstrate a normal pancreatic function in response to 
oral glucose, which rules out a potential toxic effect of STZ on 
embryos and the possibility of inappropriate glucose metabo-
lism in fetuses. Accordingly, in rhesus monkeys it has been 
shown that even STZ crosses the placenta it does not reach the 
pancreas of the fetuses.52 Notably, in a STZ model of GDM in 
mice in which fetuses were implanted in diabetic dams through 
in vitro fertilization three weeks after STZ treatment, offspring 
displayed the same growth restriction observed in our studies, 
and this occurs regardless of hyperglycemia status of oocyte 
donors (pain and ENFD were not evaluated).53 These data 
together further support the notion that the offspring phenotype 
observed in our studies is not due to a direct action of STZ on 
embryos but rather to the GDM hyperglycemia in dams. We do 
recognize that the GDM’s effects in offspring in rodent models 
are complex and other factors could play a role. For example, 
dams with STZ-induced gestational diabetes results in differ-
ential changes in placental growth factors and nutrients trans-
porters that depend upon the number of pups per pregnancy, 
the different changes in the size of the placenta, the degree of 
dams’ hyperglycemia, etc.54

We also recognize that the mechanisms behind the 
increased pain sensitivity and nerve fiber density are unknown. 
Future studies are needed to determine levels of NGF and other 
neurotrophins (eg, BDNF) in the offspring born of diabetic 
dams since these neurotrophins are essential for the survival of 
nociceptive neurons innervating skin. In any case, our study 
provides an updated perspective of the long-term effects of 
GDM on acute nociceptive transmission and density of nerve 
fibers in adult offspring. The differential presentation of this 
condition when compared to adult diabetic peripheral neuro-
pathy suggests that non-controlled hyperglycemia alters the 
biology of the nociceptive system through developmental 
mechanisms that do not exist in adulthood. Also, as mentioned 
above, whether this could be prevented or treated once it is 
established are also intriguing hypotheses that we are currently 
investigating in our laboratory. The consequences for the pro-
geny of uncontrolled GDM dams could be devastating since 
inflammatory conditions could result in exacerbated pain states 
that could lead to chronic pain. Whether pain syndromes are 
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more prevalent, or pain is more intense in the progeny of 
uncontrolled or controlled GDM dams is another testable 
hypothesis with significant clinical and public health 
implications.

Conclusion
In summary, the present study shows that GDM induced by the 
administration of STZ exacerbated the capsaicin-induced acute 
pain-like behaviors as well as increased the density of PGP 9.5 
and CGRP epidermal nerve axons in both female and male 
offspring, suggesting that GDM may result in a dysfunction in 
nociceptive processing. This pro-nociceptive phenotype seems 
pathophysiologically different to adult peripheral diabetic neu-
ropathy, it is long lasting, and does not seem reversible upon 
normalization of blood glucose. The implications of peripheral 
GDM offspring neuropathy could be clinically devastating. 
Our study sets the foundation to further investigate this phe-
nomenon in our patient population.
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