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Purpose: Gestational diabetes mellitus (GDM) can lead to health complications in adult offspring. It was recently reported that 
experimental GDM increases intraepidermal nerve fiber density (INFD) in adult mouse offspring. However, the impact of GDM on 
acute postsurgical pain and the neuroimmune response to incision has not been examined.
Methods: GDM was induced through intraperitoneal administrations of streptozotocin (STZ) in ICR pregnant mouse dams. At 
12 weeks old, all female mouse offspring underwent an incision in the glabrous skin of the right hindpaw. The mechanical sensitivity 
of both incised and non-incised hindpaws was assessed before and during the 3 weeks following the incision. At 16 weeks old, 
offspring born from dams with and without STZ-induced GDM were euthanized and processed for immunohistochemistry. The INFD 
(CGRP+ and PGP9.5+ axons) and the density of CD68+ macrophages around the wounded skin were quantified.
Results: Offspring mice of dams with STZ-induced GDM exhibited decreased body weight, yet their blood glucose levels were 
comparable to those of offspring born from vehicle-treated dams. These offspring of dams with STZ-induced GDM experienced 
significantly prolonged incision-induced mechanical hypersensitivity compared to offspring of control dams. At 3 weeks post-incision, 
offspring of STZ-treated dams had an increased density of macrophages and greater INFD of CGRP+ and PGP9.5+ axons compared to 
the values of offspring of vehicle-treated dams.
Conclusion: Offspring of dams with STZ-induced GDM exhibited a delayed resolution of post-incisional pain that was accompanied 
by increased epidermal nerve fiber density and peri-incisional macrophage activation.
Keywords: gestational diabetes mellitus, post-incisional, recovery, pain

Introduction
Gestational diabetes mellitus (GDM), a metabolic disorder characterized by glucose intolerance first diagnosed during 
pregnancy,1–3 represents a significant concern with short and long-term consequences for both maternal and neonatal 
health. Its acute complications, such as preeclampsia, fetal macrosomia, and birth injuries, are well-documented.4–6 

Beyond these immediate outcomes, emerging evidence indicates that intrauterine exposure to a hyperglycemic environ
ment can induce persistent physiological alterations in the offspring, predisposing them to metabolic and cardiovascular 
disorders later in life.6–8 This phenomenon, often referred to as fetal metabolic programming,9 highlights the profound 
role of the intrauterine environment in shaping long-term health trajectories.

Recent studies, including our own,10 have revealed that maternal hyperglycemia disrupts baseline nociceptive 
processing in adult offspring, and this effect appears to be independent of sex, which is accompanied by increased 
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intraepidermal nerve fiber density (INFD) of calcitonin gene-related peptide (CGRP)- and protein gene product 9.5 
(PGP9.5)-positive axons innervating skin.10 These findings suggest that GDM may permanently alter sensory innervation 
patterns, predisposing offspring to heightened mechanical and thermal sensitivity under baseline conditions.10,11 

However, a critical question remains unexplored: Does GDM exacerbate or prolong pain-like responses in the offspring 
following tissue injury, such as a skin incision surgery?

Post-surgical pain recovery is a complex process influenced by neuroimmune interactions, yet the role of develop
mental programming in this context is poorly understood.12,13 While prior work has established that GDM offspring 
exhibit baseline nociceptive abnormalities, no studies have investigated whether these alterations translate into delayed 
recovery after surgical insult.9–11 This gap is clinically significant, as prolonged post-surgical pain in the offspring may 
reflect maladaptive neuroplasticity or dysregulated inflammatory mechanisms potentially rooted in gestational 
hyperglycemia.14,15

To address this, a widely accepted murine model of GDM was employed10,16,17 to evaluate the duration of mechanical 
hypersensitivity in the offspring following plantar incision,12 along with quantitative changes in a subset of sensory nerve 
fibers and macrophages at the wound site. The present study uniquely integrates behavioral pain assessments with 
immunohistochemical analyses to elucidate how GDM may alter post-injury recovery. It was hypothesized that offspring 
of dams with GDM would exhibit: (1) prolonged post-surgical mechanical hypersensitivity, (2) epidermal hyperinnerva
tion, and (3) enhanced macrophage-driven inflammation compared to offspring of control dams.

Material and Methods
Animals and Experimental GDM Induction
To establish the GDM model, 60 timed-pregnant, nulliparous ICR mouse dams were utilized. These dams were bred with 20 
male ICR mice (Bioinvert Laboratories, Mexico), all at an initial age of 8–10 weeks and with a body weight of 20–30 g. All 
animals were maintained under standard laboratory conditions: 22±2°C, 40–60% humidity, and a 12-hour light/12-hour dark 
cycle, with ad libitum access to food and water. Procedures involving mice and their care were conducted in conformity with 
the Mexican Official Norm for Animal Care and Handling (NOM- 062-ZOO-1999)18 and the Guide for the Care and Use of 
Laboratory Animals.19 The Institutional Research and Ethics Committee of Multidisciplinary Academic Unit Reynosa-Aztlan 
(Approval No. CEI-UAMRA-2022-0008) approved all experimental procedures. GDM was induced by intraperitoneal 
administrations of streptozotocin (STZ; Sigma-Aldrich, St. Louis, MO, USA), dissolved in a 0.1 M sodium citrate buffer 
(pH 4.5), at decreasing doses of 100 mg/kg on 6.5 and 7.5 gestation days and 80 mg/kg on 8.5 gestation day.16,17,20 Control 
dams received an equivalent volume of the vehicle solution. On gestation day 10.5, a 6-hour fasting period preceded serum 
glucose level assessment (Accu-Check Guide, Roche S.A. de C.V., Mexico) via a tail-vein blood sample. Dams with diabetes 
were considered and included in the GDM group if their fasting blood glucose levels were >200 mg/dL.21 Following weaning 
at 3–4 weeks of age, female offspring of dams with GDM and from control dams were maintained under standard housing 
conditions with weekly body weight monitoring until week 16. Blood glucose measurements were conducted at 12 and 
16 weeks of age using prior standardized sampling protocols (Figure 1A).

Plantar Incision Surgery
At 12 weeks of age, female mouse offspring underwent a unilateral plantar incision to induce acute pain, a procedure 
based on a previously established method.12 Animals were anesthetized with 2% isoflurane (SofloranVet, Reg. S.A.G.A. 
R.P.A. Q-7833-222, PiSA Agropecuaria, Mexico City) delivered in medical-grade oxygen (INFRA, Tamaulipas, Mexico) 
at a flow rate of 500 cc/min via a nose cone (VetFlo®, Kent Scientific Co., Torrington, CT, USA). Temperature was 
controlled at 37°C using an infrared thermometer gun (CEM DT-811, Kent Scientific Co., Torrington, CT, USA) and 
a temperature-controlled heating pad (Repti Therm UTH, #RH-4, ZooMed Laboratories Inc., CA, USA). The room 
temperature for all experiments was 22±2°C.

The right hindpaw’s plantar surface was cleansed with 10% povidone-iodine (Dermo Dine, Re. 0822C87 SSA, 
Mexico City) and 70% ethanol (JALMEK Científica, No. E5325-17, N.L. Mexico). A standardized plantar incision was 
performed. Briefly, a 5-mm longitudinal incision was made with a No. 11 blade (HERGOM; Reg. 2038E2014 SSA; 
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Mexico City), traversing the skin, fascia, and muscle layers of the glabrous hindpaw. The incision was initiated 
approximately 2.5 mm from the heel and continued distally. The plantaris muscle was carefully elevated during the 
incision. Following the incision, the wound was apposed with two 6–0 nylon mattress sutures (TAGUM; R.S.: 
DM0100N; Mexico City), and antibiotic ointment (Neomycin, Tranexamic Acid; RECOVERON NC, Reg. 443M94 
SSA IV; Armstrong; Mexico City) was applied to prevent infection. To minimize the number of offspring mice used in 
the present study, the left hindpaw (contralateral) served as a non-incised control.12,13

Evaluation of Hindpaw Mechanical Sensitivity in the Adult Offspring
Hindpaw mechanical sensitivity was evaluated using the up-down method with calibrated von Frey filaments (Stoelting 
Co., Wood Dale, IL, USA).10,11 Before testing, mice were acclimated for 30 minutes in elevated plastic cages with wire- 
mesh floors. The von Frey filaments were applied perpendicularly to the plantar surface of both the incised (right) and 
contralateral (left) hindpaws, with sufficient force to cause slight bending, for approximately 6 seconds. Withdrawal 
responses, including paw lifting, licking, or flinching, were recorded. Measurements were taken at baseline (pre-surgery 
at 12 weeks of age) and on postoperative days: 1, 2, 4, 6, 8, 10, 12, 14, and 21. The 50% probability of withdrawal 
threshold (in grams) for each paw was calculated using the formula described elsewhere.22 All behavioral assessments 
were conducted by an observer blinded to the animals’ GDM status.

Tissue Harvesting and Immunohistochemistry
At 16 weeks of age (21 days after incisional surgery), offspring were deeply anesthetized via intraperitoneal injection 
with a mixture of ketamine (KETANIL; Reg. Q-0609-004; Wildlife Pharmaceuticals, Mexico City) and xylazine 
(PROCIN; Reg. Q-7833-099; PiSA Agropecuaria, Mexico City) at a dose of 100/10 mg/kg, respectively. Adequate 

Figure 1 Experimental design, blood glucose levels, and body weight of female offspring from control dams or from dams with gestational diabetes mellitus. (A) The 
experimental timeline for the offspring is illustrated as follows: offspring are weaned at 4 weeks, followed by weekly weight measurements and a fasting glucose measurement 
at week 12. After baseline mechanical sensitivity recording, a right hindpaw plantar incision was performed at week 13, and the left hindpaw (contralateral) served as its 
control. Mechanical sensitivity in both hindpaws was evaluated over 21 subsequent days, concluding with a final glucose measurement and tissue collection for IHC. (B) 
Maternal streptozotocin (STZ) administration did not alter glucose concentrations in offspring at weeks 12 or 16. (C) Offspring of dams with gestational diabetes mellitus 
(GDM) exhibited significantly lower body weight from weeks 4 to 12. The data are presented as mean ± SEM; *p < 0.05 vs. vehicle (VEH)-treated using two-way RM ANOVA 
followed by the Tukey post-hoc analysis test.
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anesthesia was confirmed by the absence of withdrawal response to a firm toe pinch according to the Guidelines for the 
Euthanasia of Animals. Animals were transcardially perfused with 0.9% phosphate-buffered saline (PBS, 0.1 M, pH 7.4, 
4°C), followed by 4% paraformaldehyde in PBS (Cat. No. F1635, Sigma-Aldrich, EEUU). Glabrous skin from both the 
incised and contralateral hindpaws was carefully harvested, post-fixed in 4% paraformaldehyde for 24 hours, and then 
cryoprotected by immersion in 30% sucrose in PBS for 48–72 hours. Tissue samples were then embedded in optimal 
cutting temperature (OCT) compound (Tissue-Tek, Sakura Finetek, Torrance, CA, USA) and snap frozen. Serial frozen 
sections (20 µm thick) were prepared using a cryostat instrument (Leica CM1950; Leica Biosystems, Wetzlar, Germany) 
and mounted onto Superfrost Plus glass microscope slides (Fisher Scientific, Waltham, MA, USA).

Immunohistochemical staining was performed as follows: sections were initially blocked for 1 hour at room 
temperature in PBS containing 0.3% Triton X-100 and 3% Normal Donkey Serum (Jackson ImmunoResearch 
Laboratories, West Grove, PA, USA). This was followed by overnight incubation at 4°C with primary antibodies. The 
primary antibodies used were: against CGRP (polyclonal rabbit anti-mouse 1:3,000; Sigma Aldrich, Cat# C8198) for 
primary sensory peptidergic nerve fibers; antibody against PGP9.5 (Protein gene product 1:3,000; Cedarlane: Cat# 
CL7756AP) as a pan-neuronal marker; and primary antibody against CD68 marker aimed towards macrophages 
(Macrosialin; monoclonal rat anti-mouse 1:3,000; Bio-Rad; Cat# CA1957). After primary antibody incubation, sections 
were washed thoroughly in PBS and then incubated for 3 hours at room temperature with the following secondary 
antibodies (Cy3 monoclonal donkey anti-rabbit 1:600; Jackson ImmunoResearch; Cat# 711–165-152 and Cy2 mono
clonal donkey anti-rat 1:300; Jackson ImmunoResearch; Cat# 712–225-150). Following washes, nuclei were stained with 
4′,6-diamidino-2-phenylindole (DAPI 1:20,000; Invitrogen; Cat# D21490). Slides were then washed, dehydrated through 
an ascending ethanol series, cleared with xylene, and coverslipped using DPX mounting medium. Images were captured 
using an epifluorescence microscope (Axio Scope A1, Carl Zeiss, Jenna, Germany) and a confocal laser microscope 
(LSM 800, Carl Zeiss, Jena, Germany). Confocal Z-stack images were acquired with a 20 µm slice thickness using a 20x 
objective for detailed analysis.

Quantification of the Density of Nerve Fibers and Macrophages Around the Wounded 
Skin
Quantification of nerve fiber and macrophage densities was performed by investigators blinded to the experimental conditions. 
Analyses were performed on within-animal comparison between incised (right hindpaw) and non-incised (left hindpaw) 
samples obtained from each animal (n = 5 GDM offspring; n = 6 VEH offspring). For nerve fibers, CGRP+ axons were 
quantified in the epidermis, and PGP9.5+ axons were quantified in both the epidermis and the superficial dermal region (up to 
150 µm from the dermo-epidermal junction). A minimum of five distinct sections per mouse were analyzed at 20x 
magnification. Nerve fibers were manually traced using ImageJ software (National Institutes of Health, Bethesda, MD, 
USA), and the data were expressed as the mean total nerve fiber length (µm) per 100 µm2 of epidermis.23 For macrophage 
quantification, CD68-immunoreactive cell density was assessed specifically within the dermal region.24 Three confocal 
images were acquired per sample using the 20x objective lens. CD68+ profiles containing a DAPI-stained nucleus were 
meticulously counted at the incision site. The total number of cells was calculated and expressed per 1 mm3 of volume.

Statistical Analysis
Data is presented as mean ± standard error of the mean (SEM). The comparison of glucose measurements from the dams 
was performed using a Student’s t-test. Offspring body weight and mechanical withdrawal thresholds were analyzed 
using a two-way repeated-measure ANOVA, followed by Tukey’s post-hoc test when appropriate. Immunohistochemical 
data (nerve fiber and macrophage densities) were analyzed with a two-way ANOVA, followed by Tukey’s post-hoc test. 
A statistical significance level of p < 0.05 was accepted for all analyses. Statistical software (GraphPad Prism v8.0; 
GraphPad Software, San Diego, CA, USA) was used for all computations.
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Results
Effect of Experimental GDM on Blood Glucose Levels and Body Weight in Dams and 
Offspring
Consistent with successful GDM induction, STZ-treated dams exhibited significantly elevated fasting blood glucose 
levels at gestational day 10.5 compared to vehicle-treated dams (303 ± 84.20 mg/dL vs. 123 ± 8.28 mg/dL; p < 0.05). In 
contrast, offspring from dams with STZ-induced GDM showed no significant differences in glucose levels at 12 or 
16 weeks of age compared to those of offspring from vehicle-treated dams (Figure 1B). Offspring of dams with STZ- 
induced GDM had significantly reduced body weight compared to offspring from vehicle-treated dams between 4 and 
12 weeks old. Although a trend to have lower body weight persisted at 14 and 16 weeks of age, these differences were 
not statistically significant (Figure 1C).

Experimental GDM Prolongs the Post-Surgery Pain Recovery in Adult Offspring
The assessment of baseline tactile thresholds revealed that offspring from dams with STZ-induced GDM had signifi
cantly lower withdrawal thresholds in both hindpaws than offspring from vehicle-treated dams (Figure 2A and C). After 
the plantar skin incision in the right hindpaw, mechanical sensitivity in offspring of dams with GDM did not return to 
baseline values until day 21 post-surgery. In contrast, offspring of vehicle-treated dams exhibited values of similar 
magnitude to baseline records at day 10 post-incision. Offspring of dams with STZ-induced GDM displayed a delayed 
recovery compared to offspring of control dams, starting from day 4 through 14 (Figure 2B). Additionally, no significant 
differences were observed in the contralateral paw (without incision) when comparing post-incision values to baseline 
measurements within each group (Figure 2C and D).

Experimental GDM Increases the Density of Intraepidermal CGRP+ and PGP9.5+ 

Nerve Fibers Around the Wounded Skin of the Hindpaw from Adult Offspring 
Following a Plantar Incision
Immunohistochemical analysis and confocal microscopy were employed to assess the density of CGRP, a neuropeptide 
primarily found in unmyelinated C-fiber and some thinly myelinated A-delta sensory nerve fibers, in the epidermis, as 
well as PGP9.5, a pan-neuronal marker, in the epidermis and upper dermis of the wounded skin from the offspring. 
Representative confocal images were taken of CGRP+ axons (Figure 3A–D) and PGP9.5+ axons (Figure 4A–D) in the 
hindpaw glabrous skin of 16-week-old offspring born from vehicle-treated and STZ-induced GDM dams. Consistent with 
previous reports,10 the basal densities of CGRP+ and PGP9.5+ were significantly higher in non-surgery offspring of dams 
with STZ-induced GDM compared to non-surgery offspring from vehicle-treated dams (Figures 3E and 4E). 
Additionally, in offspring from vehicle-treated dams, the nerve fiber density in the skin at 3 weeks post-incision was 
similar in magnitude compared to values of the non-incised hindpaw. Interestingly, in the incised hindpaw from offspring 
of dams with GDM, the density of CGRP+ and PGP9.5+ axons innervating skin at 3 weeks post-incision was significantly 
higher compared to the non-incised hindpaw from offspring of dams with GDM and compared to the incised hindpaw 
skin of offspring of vehicle-treated dams (Figures 3E and 4E).

Experimental GDM Increases the Density of Macrophages Around the Glabrous 
Hindpaw Skin of Adult Offspring Following a Plantar Incision
Representative confocal images and quantitative analyses showed no significant changes in the density of macrophages 
between offspring from vehicle-treated dams and from dams with STZ-induced GDM (Figures 5A, C, E) in the non- 
incised skin at 3 weeks post-incision. However, the plantar incision in the offspring of dams with STZ-induced GDM, but 
not in the offspring of dams without GDM, resulted in a significant increase in the macrophage density around the wound 
site (Figure 5B–E). The offspring of dams with STZ-induced GDM exhibited a significant increase in macrophage 
density post-incision compared to both their own contralateral hindpaw and the incised hindpaw of offspring from 
vehicle-treated dams (Figure 5E).
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Discussion
This study reveals that GDM induces lasting alterations in pain processing and wound healing in adult offspring, as 
evidenced by (1) prolonged post-surgical mechanical hypersensitivity (21 days vs. 10 days in the offspring of control dams), 
(2) hyperinnervation of CGRP+ and PGP9.5+ nerve fibers at the incision site, and (3) enhanced CD68+ macrophage 
infiltration post-injury at 3 weeks post-incision. These findings highlight a novel link between developmental metabolic 
disturbances and maladaptive pain responses, offering critical insights into GDM’s long-term consequences.

Consistent with prior reports,10,21,25 offspring with GDM displayed reduced body weight but normoglycemia in 
adulthood, suggesting metabolic imprinting independent of glucose dysregulation. This aligns with the concept that fetal 
programming,9 in which in utero hyperglycemia triggers persistent physiological adaptations. Pancreatic β-cell over
stimulation during gestation may impair insulin secretion and anabolism, contributing to offspring growth restriction.25 

Crucially, our results indicate that these developmental changes may predispose offspring to delayed pain recovery post- 
surgery despite healthy metabolic profiles.
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Figure 2 Gestational diabetes mellitus significantly delayed the resolution of mechanical sensitivity in adult offspring following skin incision. Repeated administration of 
streptozotocin (STZ) during gestation significantly reduces the 50% paw withdrawal threshold of the incised hindpaw of adult female offspring compared to values of 
offspring of vehicle (VEH)-treated dams, indicating greater surgery-induced mechanical hypersensitivity (A–C). Notably, this hypersensitivity persisted until 21 days post- 
incision in offspring from dams with STZ-induced GDM, whereas it resolved by day 10 in offspring from vehicle-treated dams. Additionally, from postoperative day 4 through 
14, offspring of dams with gestational diabetes mellitus (GDM) showed a prolonged recovery period compared with offspring of dams without GDM (B). In contrast, 
mechanical sensitivity evaluations of the non-incised (contralateral) hindpaw showed no statistically significant changes in either experimental group following the plantar 
incision compared to their baseline values (C and D). Data is presented as mean ± SEM; *p < 0.05 vs. VEH offspring; #p < 0.05 vs. respective pre-incision values. Two-way 
RM ANOVA followed by Tukey’s post-hoc test.
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To investigate whether maternal GDM prolongs pain-like responses in the offspring following tissue insult, the 
plantar incision model12 was applied rather than chronic neuropathic (eg., Spared Nerve Injury; SNI)26 or inflammatory 
(eg., Complete Freund’s Adjuvant; CFA)27 models. Given that offspring with GDM already exhibit baseline mechanical 
hypersensitivity,10 using severe chronic injury models risks a nociceptive “ceiling effect” that could mask group 
differences.26,27 The plantar incision model mimics clinical post-operative pain and typically resolves within a week, 
providing a critical temporal window for assessing pain resolution.13 This approach uniquely enabled us to determine that 
intrauterine exposure to GDM not only alters baseline nociception but also fundamentally impairs the recovery from 
acute surgical trauma.

The delayed resolution of incision-induced pain in offspring of dams with STZ-induced GDM was accompanied by 
an increased density of CGRP+ and PGP9.5+ nerve fibers in the wounded skin, extending our earlier observations of 
baseline hyperinnervation.10,11 Similarly, in the early stages of the type 2 diabetes mouse model, mechanical allodynia 
has been linked to the sprouting of CGRP+ sensory fibers.28 This suggests that GDM not only alters baseline nociceptive 
pathways but may also modify the injury-induced neuroplasticity. Similar hyperinnervation of CGRP+ fibers has been 
reported in areas adjacent to non-healed fractures, a finding linked to chronic pain,29 supporting our hypothesis that 
aberrant hyperinnervation may underlie prolonged post-incision-induced mechanical hypersensitivity. A possible 
mechanism driving this nerve fiber sprouting might involve pathways mediated by Nerve Growth Factor (NGF). NGF, 
secreted by macrophages and keratinocytes,30 promotes axonal growth via TrkA receptors.31 In support of this, rodents 
with diabetes exhibit elevated NGF and TrkA+/CGRP+ fiber densities,24 and macrophage-derived NGF32,33 may further 
amplify post-injury hyperinnervation in offspring of dams with GDM. Future studies should quantify NGF levels in 
offspring of dams with GDM to validate this hypothesis.

Dermal macrophage density did not differ between non-incised skin from offspring with GDM compared to non- 
incised skin from offspring of control dams. This result contrasts with our previous observation, in which the exocrine 
pancreas from offspring with GDM exhibited a greater baseline density of CD68 macrophages than that from offspring of 

Figure 3 Adult offspring of dams with gestational diabetes mellitus have an increased density of intraepidermal CGRP+ nerve fibers at 3 weeks post-plantar incision. 
Representative confocal images of calcitonin gene-related peptide (CGRP)-positive axons in the glabrous hindpaw skin of 16-week-old female offspring. (A) Non-incised 
hindpaw of offspring of vehicle (VEH)-treated dams, (B) Incised hindpaw of offspring of VEH-treated dams, (C) Non-incised hindpaw of dams with gestational diabetes 
mellitus (GDM), (D) Incised hindpaw of offspring with GDM at 21 days post-incision. Scale bar = 50 µm (applies to all panels). (E) Quantitative analysis of CGRP+ 

intraepidermal nerve fiber density expressed as mean total fiber length (µm) per 100 µm2 of epidermis. The data are presented as mean ± SEM. *p < 0.05, %p < 0.05. Two- 
way ANOVA followed by the Tukey post-hoc test.
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Figure 4 Adult offspring of dams with gestational diabetes mellitus display an increased density of PGP9.5+ axons in the intraepidermal and upper dermal regions at 3 weeks 
post-plantar incision. Representative confocal images of intraepidermal (dotted line) and upper dermal (solid line) protein gene product-9.5 (PGP9.5) in the hindpaw skin of 
offspring. (A) Non-incised hindpaw of offspring of vehicle (VEH)-treated dams, (B) Incised hindpaw of offspring of VEH-treated dams, (C) Non-incised hindpaw of dams with 
gestational diabetes mellitus (GDM), (D) Incised hindpaw of offspring with GDM at 21 days post-incision. (E) Quantitative analysis of PGP9.5+ intraepidermal and upper 
dermal nerve fiber density expressed as mean total fiber length (µm) per 100 µm2. The data are presented as mean ± SEM; *p < 0.05, %p < 0.05. Two-way ANOVA followed 
by the Tukey post-hoc test.

Figure 5 Adult offspring of dams with gestational diabetes mellitus exhibited an increased density of macrophages in the intradermal region at 3 weeks post-plantar incision. 
Representative confocal images of intradermal cells expressing cluster of differentiation 68 (CD68), indicating macrophages, in the hindpaw skin of offspring. (A) Non-incised 
hindpaw of offspring of vehicle (VEH)-treated dams, (B) Incised hindpaw of offspring of VEH-treated dams, (C) Non-incised hindpaw of dams with gestational diabetes mellitus 
(GDM), (D) Incised hindpaw of offspring with GDM at 21 days post-incision. (E) Quantitative analysis of CD68+ density expressed as number of macrophages per 1 mm3. The data 
are presented as mean ± SEM; *p < 0.05. Two-way ANOVA followed by Tukey post-hoc test.
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control dams,17 suggesting a GDM-induced tissue-specific response. However, the incised hindpaw of offspring from 
dams with STZ-induced GDM showed a significantly increased density of CD68+ macrophage at 3 weeks post-incision, 
a response absent in the incised skin of offspring from dams without GDM. This macrophage-driven inflammation likely 
exacerbates both hyperinnervation and prolonged mechanical hypersensitivity following skin incision. While the 
mechanisms behind this lasting inflammatory response in the offspring of dams with GDM following a skin incision 
are unknown, it is proposed that elevated advanced glycation end products (AGEs) and the advanced oxidation protein 
products (AOPPs) in offspring from dams with GDM34 may perpetuate inflammation via TNF-α/IL-1β.33,35 At the same 
time, oxidative stress36,37 and hematopoietic epigenetic changes14 could further delay the resolution of inflammation.

Our study has some limitations. Firstly, wound-healing dynamics were not assessed; thus, a delayed closure could 
confound the assessment of pain persistence. Secondly, the molecular mechanisms behind the hyperinnervation and 
persistent infiltration of CD68 macrophages at 3 weeks post-injection were not evaluated. Finally, sex-specific effects 
warrant investigation, as only female offspring were studied.

Conclusion
This study provides preclinical and initial evidence that maternal GDM exposure permanently modifies the offspring’s 
neuro-immune axis, resulting in a significantly delayed resolution of post-surgical mechanical hypersensitivity. Our 
findings also show that GDM exposure does not merely shift baseline sensitivity but fundamentally alters pain-like 
responses to tissue injury. Moreover, a key contribution of this work is the identification of a specific neuro-immune axis, 
characterized by exacerbated CGRP+ and PGP9.5+ innervation and persistent CD68+ macrophage infiltration in the 
incised skin at 3 weeks post-incision, as potential drivers of this maladaptive pain recovery. In conclusion, these findings 
underscore the critical need for clinical monitoring of GDM-exposed individuals in postoperative settings as well as the 
causes underlying these functional and anatomical findings, to develop mechanism-based therapies to improve pain 
resolution after surgery.
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