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Translational animal models of bariatric surgery are a vital 
tool for understanding the pathophysiologic mechanisms that 
occur postoperatively and the factors associated with surgical 
efficacy. Glycemic management is imperative for optimal post-
operative recovery in humans and animals alike. Both hyper-
glycemia and hypoglycemia can significantly influence rates 
of healing, morbidity, and mortality in patients.5,8,17,18,24,25,33 The 
physiologic effects of hypoglycemia are numerous and are com-
monly implicated as major factors for postoperative complica-
tions. Rodent surgical models may experience complications 
such as severe postoperative hypoglycemia, particularly given 
that blood glucose (BG) measurement and management are typ-
ically not included in routine rodent postoperative regimens. 
Documented literature evaluating the frequency and severity 
of hypoglycemia in mice after bariatric surgery is lacking and 
is vitally needed to improve postoperative care, specifically for 
the Roux-en-Y Gastric Bypass (RYGB) mouse model, which 

experiences more complications than Vertical Sleeve Gastrec-
tomy surgery.

Hypoglycemia affects many physiologic functions ranging 
from metabolic to neurologic, all of which can have a significant 
impact on animal health, welfare, and study outcomes. Mild hy-
poglycemia stimulates the autonomic nervous system, causing 
increased blood flow to the brain, release of counter regulatory 
glucagon and epinephrine, and decreased insulin secretion.31 
Prolonged hypoglycemia can lead to a catabolic state with in-
efficient energy for wound healing.32 With increasing severity, 
cardiovascular disturbances and neuroglycopenic symptoms oc-
cur, which can range from confusion and dizziness to seizures, 
coma, and death.8,20,31 Diabetic patients are especially vulnerable 
due to their already compromised glucose metabolism, making 
them at higher risk for impaired wound healing,28 postoperative 
surgical site infections,30 and mortality after surgical procedures.

The postoperative period is a particularly vulnerable time for 
both human and animal patients. In the days after an invasive 
surgical procedure, patients often experience fatigue,10 pain, 
and subsequent loss of appetite which can result in hypogly-
cemia.21 Surgery type6 and drug choice23 for analgesia may also 
exacerbate postoperative anorexia. These physiologic and psy-
chologic stresses can be especially severe for laboratory mice. 
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Mice have a higher metabolic rate than humans, so periods of 
inappetence can have a profound impact on glucose homeosta-
sis.16 Mice also commonly decrease food intake during pain and 
stress.21 Preoperative events like fasting may increase the risk 
factors for postoperative hypoglycemia, particularly in diabet-
ics.1 While human patients are closely monitored and placed 
on strict postoperative diets, these practices are less common 
in laboratory animals used to model human diseases, recov-
ery, and treatment regimens, particularly in rodents. As a result, 
postoperative glycemic management is of known importance to 
human patients but is not well studied in mice. Mouse models 
for bariatric surgeries2,7,12,22,29 are likely to have significant effects 
on glucose metabolism and homeostasis. However, very little 
literature reports on the postoperative glycemic state in mice 
and no information on the effects of glucose supplementation 
on survivability. The postoperative glycemic state and efficacy 
of glucose supplementation should be assessed in rodents, not 
only to better replicate human care for translational research, 
but also to improve the health and welfare of research animals.

The overall objective of this study was to determine the fre-
quency of hypoglycemia in mice after RYGB surgery and evalu-
ate the effect of dextrose supplementation on morbidity and 
mortality in postoperative hypoglycemic animals. To achieve 
this objective we initially characterized the basic glucose phar-
macokinetics in nonmanipulated adult mice after subcutaneous 
and oral–transmucosal (OTM) administration to determine the 
most appropriate minimally invasive route of administration for 
clinical treatment of hypoglycemia. We hypothesized that im-
plementation of BG monitoring and treatment during the initial 
postoperative period in RYGB mice would improve morbidity 
and mortality, thus decreasing deleterious cofounding factors 
associated with this translatable animal model and improving 
animal welfare.

Materials and Methods
Animals. All mice studies were approved by the IACUC of 

University of California, Davis and mice were maintained in 
accordance to the standards established by the Guide for the Care 
and Use of Laboratory Animals.14 Mice were SPF for the follow-
ing pathogens: all ectoparasites and endoparasites, ectrome-
lia virus, Theiler disease virus, lymphocytic choriomeningitis 
virus, minute virus of mice, mouse adenovirus of mice (types 
1 and 2), mouse hepatitis virus, mouse parvovirus, pneumo-
nia virus of mice, reovirus 3, rotavirus, Sendai virus, murine 
norovirus, Mycoplasma spp., Bordetella bronchiseptica, Citrobacter 
rodentium, Corynebacterium kutscheri, Klebsiella spp., Mycoplasma 
arthritidis, Mycoplasma pulmonis, Pasteurella multocida, Pasteurella 
pneumotropica, Pseudomonas spp., Salmonella spp., Streptobacillus 
moniliformis, Streptococcus (β-hemolytic) spp., and Helicobacter 
spp. Mice were single-housed in IVC (Optimice IVC, Animal 
Care Systems, Centenniel, CO) on a 12:12-h (lights on, 0600) 
light:dark cycle at 68 to 79 °F (20.0 to 26.1 °C) and 30% to 70% 
humidity. All mice were fed 60% high fat diet (TD.06414, Envigo 
Teklad Diets, Madison, WI) without restriction for 4 wk before 
use. Mice were acclimated to 5 min of gentle handling daily for 
5 d prior to any procedures.

Glucose pharmacokinetic study. To determine the optimal ad-
ministration route for dextrose supplementation for treatment 
of hypoglycemia, a prospective balanced crossover study design 
was conducted to evaluate subcutaneous and OTM dextrose 
(50% injectable; Hospira, Lake Forest, IL) administration in the 
same cohort of mice. C57BL/6N mice (n = 16; 8 male, 8 female; 
weight, 19.4 to 24.9 g; age, 7 to 8 wk) were used to establish 
the optimal dextrose dosing procedure in the first phase of the 

study. Mice were fasted for 16 h prior to dextrose administra-
tion, after which each mouse received a single dose of 50 mg 
dextrose administered either subcutaneously (1 mL, 5% dex-
trose) or OTM (two 0.05-mL drops of 50% dextrose). All mice 
underwent a 5-d washout period before undergoing a second 
trial, in which they received the opposite administration route. 
Treatment order was randomized. Eight mice (4 male, 4 female) 
were then randomly selected (4 OTM, 4 subcutaneous) and used 
as saline controls after an additional 5-d washout period.

The BG concentration in a drop of blood collected from the 
tail tip was measured by using a handheld glucometer (Nova 
Statstrip, Nova Biomedical, Waltham, MA). The tail tip was 
lanced for the initial baseline blood sample and the scab was 
removed for each subsequent BG measurement to avoid mul-
tiple lances. The first drop of blood was discarded during each 
collection to obtain a fresh sample for testing. After baseline 
sampling, 50 mg dextrose was administered either subcutane-
ously or through the OTM route. Subcutaneous dextrose (1 mL, 
5% dextrose) was administered between the shoulder blades, 
and the OTM dose was administered by scruffing the mouse, 
placing the first drop (0.05 mL, 50% dextrose) of dextrose onto 
the gingiva and waiting approximately 3 to 5 seconds before 
placing the second drop (0.05 mL, 50% dextrose) to optimize 
mucosal uptake and minimize oral intake. BG concentrations 
were measured at 5, 15, 30, 60, 90, 120, and 180 min after dex-
trose administration. After completion of all the blood samples 
for the pharmacokinetics study, mice were provided high fat 
diet without restriction and a cup of purified soft diet (DietGel 
76A, ClearH2O, Westbrook, ME).

After study periods, mice were assessed daily for dermatitis, 
an anticipated adverse effect of subcutaneous dextrose injection. 
Cases of dermatitis were treated with nail trimming and apply-
ing dilute chlorhexidine to affected areas (Vedco, Saint Joseph, 
MO). Cases of dermatitis were scored for severity by using a 
modified version of a previously established scoring system.11 
The character of lesion, length of lesion, and region(s) affected 
were used to calculate a score from 0 (not present) to 100 (most 
severe).11

Glucose monitoring and supplementation in RYGB mice. The 
second phase of our investigation was a prospective interven-
tional study to evaluate the clinical benefit of glucose supple-
mentation after RYGB surgery. A second cohort of 16 mice (8 
male, 8 female; weight, 25.5 to 44.7 g; age, 7 to 9 wk) age under-
went RYGB surgery, 3 d of intensive (3 times daily) postopera-
tive monitoring, and then daily monitoring for 3 wk. Animals 
were not fasted prior to surgery. RYGB was performed as a clini-
cally translational surgery similar to the human approach, in 
which the stomach was reduced to approximately 15% to 20% of 
its original capacity, and the intestines were rerouted to reduce 
digesta absorption. The surgical procedure was performed by 
using aseptic technique in a designated surgical room. Anesthe-
sia was induced and maintained with inhalant isoflurane (2.0% 
to 3.0%). Standard-release injectable meloxicam (2 mg/kg SC; 
Loxicom, Norbrook Laboratories, Newry, Northern Ireland) was 
administered preoperatively. A 2-cm vertical midline incision 
was made through both the skin and muscle wall. The intes-
tines were gently exteriorized, and the jejunum was bisected at 
the ligament of Trietz. The jejunum–jejunum anastomosis was 
performed by attaching the proximal jejunum in an end-to-side 
anastomosis 3 cm distal from its original location. The fundus 
was surgically separated into 2 pouches (approximately 85% 
and 15%) by suturing the fundus closed from the left side of 
the esophagus to the greater curvature. The proximal jejunum 
was then anastomosed to the smaller stomach pouch (15%), just 
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below the esophageal sphincter. Prior to closing, the peritoneal 
space was flushed with 100 mL sterile saline, followed by ad-
ministration of enrofloxacin (20 mg/kg IP; Baytril, Bayer, Pitts-
burgh, PA).

Once mice were sternal and ambulatory, they were admin-
istered buprenorphine (0.1 mg/kg SC) and each returned to a 
cage containing ALPHA-dri bedding (Shepherd Specialty Pa-
pers, Watertown, TN), a Shepherd Shack (Shepherd Specialty 
Papers, Watertown, TN), and a cotton square (Ancare, Bellmore, 
NY) for enrichment. Sustained-release meloxicam (4 mg/kg SC; 
ZooPharm, Windsor, CO) was administered 4 to 5 h after sur-
gery. Enrofloxacin (20 mg/kg SC; Baytril, Bayer) was adminis-
tered daily for 2 d postoperatively, with the first injection in the 
right shoulder and the second in the right flank, to reduce risk of 
localized skin irritation. For 3 d after surgery, all cages received 
supplemental heat, and mice received without restriction En-
sure (Abbott Laboratories, Abbott Park, IL), 1 or 2 pellets of dry 
60% fat diet (TD.06414, Envigo Teklad Diets, Madison, WI), and 
1 cup of purified soft diet (DietGel 76A, ClearH2O, Westbrook, 
ME) for 3 d. The food was changed daily, to avoid spoilage and 
rancidity. Once the mice no longer received supplemental heat, 
60% fat diet was provided without restriction.

For each mouse, BG was measured immediately prior to sur-
gery, at 30 min after surgery, and then 3 times daily (0800, 1200, 
and 1600) for 3 d. Mice with BG ≤ 60 mg/dL were randomly 
allocated to either the dosed (D) or nondosed (ND) groups at 
the first measured hypoglycemic event. Mice remained in their 
assigned treatment group for the duration of the study. Mice in 
the D group received 1 mL 5% SC dextrose after each BG mea-
surement of ≤ 60 mg/dL; mice in the ND group did not receive 
supplemental dextrose, regardless of the BG level. Injection sites 
for D group mice were alternated between the left shoulder and 
left flank, to decrease injection site irritation and discomfort.

Additional observations, including assessments of pain and 
overall wellbeing, were made daily for the full 3-wk postop-
erative timeframe. Pain assessment via grimace scale19 was re-
corded daily for 3 d postsurgery. In brief, the grimace scoring 
system uses mouse facial expressions (orbital tightening, nose 
bulge, cheek bulge, ear position, and whisker change) to score 
for pain on a 3-point scale (0, not present; 1, moderate pain; 
and 2, severe pain), which then are added together for a total 
score ranging from 0 to 10.19 We used multiple observers for 
grimace scale scoring, to recapitulate a clinical setting. Activ-
ity assessment, fecal output, dehydration, and mortality were 
observed and recorded daily for 3 wk. Dehydration was treated 
with subcutaneous saline as needed. Cases of perianal irritation 
from loose stools as a result of the bariatric surgery were treated 
by using Desitin (Johnson and Johnson, New Brunswick, NJ). 
Cases of dermatitis were scored and treated as described previ-
ously. Body weights were recorded prior to surgery and subse-
quently every 3 d for 3 wk.

Any mice found moribund at any time during the study were 
euthanized through CO2 inhalation. All mice found dead or eu-
thanized were necropsied to determine cause of death.

Statistical analysis. BG concentrations during the pharmacoki-
netic study were assessed by using mixed-effects linear regres-
sion, with pairwise comparisons of treatments using Bonferroni 
adjustment for multiple comparisons. The trapezoidal rule was 
used to determine the AUC, with a Kruskal–Wallis test with 
adjustment for multiple comparisons to compare AUC values. A 
log-rank test was used to compare survival between the D and 
ND treatment groups. Mixed-effects ANOVA was used to com-
pare average postoperative BG between the D and ND treat-
ment groups. A Mann–Whitney U test was used to compare the 

average number of hypoglycemic episodes between the D and 
ND treatment groups. A Kruskal–Wallis test was used to com-
pare grimace scale scores between treatment groups. A P value 
of less than 0.05 was considered significant. Statistical analyses 
were performed by using Stata/IC (version 13.1, StataCorp, Col-
lege Station, TX) and Prism (version 8.3, GraphPad Software, La 
Jolla, CA).

Results
Glucose pharmacokinetic study. Glucose curves are illustrated 

in Figure 1, with pharmacokinetics parameters shown in Table 1.  
Baseline BG levels were not significantly different across all 4 
groups (subcutaneous dextrose, OTM dextrose, subcutaneous 
saline, OTM saline). BG concentrations increased significantly 
above baseline from 5 min to 120 min after subcutaneous dex-
trose administration (P < 0.001 from 5 min to 90 min; P = 0.002 
at 120 min), and from 5 min to 90 min after OTM dextrose ad-
ministration (P < 0.001). After subcutaneous dextrose admin-
istration, peak glucose concentrations (Cmax) were reached at 
15 min (343.8 ± 73.3 mg/dL) and were significantly (P = 0.023) 
higher than OTM Cmax peak glucose concentrations at 30 min 
(255.2 ± 46.5 mg/dL). Significantly higher BG was observed 
after subcutaneous dextrose compared with OTM dextrose be-
tween 5 and 30 min (P = 0.005 at 5 min, P < 0.001 at 15 min, P 
< 0.001 at 30 min). After the 30 min, BG levels declined more 
rapidly with subcutaneous administration than with OTM ad-
ministration, with no significant differences from 60 to 180 min. 
The AUC0–180min for subcutaneous dextrose (38,018 ± 4656.3) was 
significantly (P = 0.016) higher than for OTM dextrose (33,112 ± 
5748). BG levels after subcutaneous and OTM saline administra-
tion did not differ significantly different at any point during the 
monitoring period. All groups returned to near baseline levels 
by the 180 min time point. All mice tolerated all dosing events 
without severe complications.

Skin site reactions and dermatitis. Two mice developed mild 
dermatitis at the injection site after subcutaneous dextrose ad-
ministration (Table 2). Both cases were scored as level 1 (mild) 
and resolved after nail trimming and cleaning with dilute 
chlorhexidine.

Glucose monitoring and supplementation in RYGB mice. 
RYGB surgery was performed successfully in all 16 mice. There 
were no surgery-related complications in the immediate postop-
erative period. Several mild postoperative complications were 
noted during the 3-wk monitoring period, including dehydra-
tion, diarrhea, and dermatitis. During the first 3 d after surgery, 
14 of the 16 mice became hypoglycemic (Table 3). Half of these 
mice (n = 7) were supplemented with 1 mL 5% SC dextrose 
when they were determined to be hypoglycemic (D group), 
with the other 7 receiving no supplementation (ND group). Pre-
operative and immediate postoperative BG concentrations were 
not significantly different between treatment groups. The aver-
age number of hypoglycemic episodes and average BG concen-
tration (Figure 2) did not differ significantly between treatment 
groups. Two mice did not fall below the hypoglycemia thresh-
old during the 3-d period, with their lowest BG measurements 
being 76 and 86 mg/dL.

Pain and grimace score. Pain was assessed daily according to 
the grimace score for 3 d after surgery. There was no significant 
difference in grimace scores between D and ND groups (Figure 3).

Skin site reactions and dermatitis. After surgery, 8 mice de-
veloped dermatitis (Table 4); all lesions resolved after nail trim-
ming and cleaning with dilute chlorhexidine.

Fecal output. Feces were present in the cages of 12 of 16 mice 
the morning after surgery. By postoperative day 2, feces were 
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present in the cages of 11 of 16 mice. By postoperative day 3, 
feces were present in the cages of all 13 surviving animals.

Animal body weights. By postoperative day 3, surviving ani-
mals lost between 2.2 and 6.9 g body weight, representing 7.6% 
to 21.8% of their preoperative weight. At the end of the 21-d 
monitoring period, surviving animals had lost between 1.1 and 
8.8 g body weight, representing 3.3% to 26.6% of their preopera-
tive weight.

Survival outcomes. Recovery from surgery was 100% (n = 16). 
In total, 7 of the 16 mice were either found dead (n = 3) or eutha-
nized (n = 4) during the 3-wk postoperative monitoring period. 
As summarized in Table 5, only 2 deaths were attributed to hy-
poglycemia; the other 5 deaths were due to other causes. Hypo-
glycemia was implicated as the cause of death in 2 mice (1 in D 
group, 1 in ND group); for both mice, the last BG measurement 
was below the limit of detection (less than 15 mg/dL) of the 
glucometer. After the low BG reading, the mouse in the D group 
was dosed with dextrose but then was found dead 4 h later. The 
mouse in the ND group had been hypoglycemic for 3 consecu-
tive time points before becoming moribund; it was therefore 
euthanized. Both mice died 2 d after surgery. The 9 surviving 
mice were euthanized and necropsied at set time points of 1, 2, 
and 2.5 mo after surgery.

Discussion
This study established hypoglycemia as a common and po-

tentially fatal complication after RYGB surgery in mice. The 
study also characterized the pharmacokinetics profiles of 2 min-
imally invasive dextrose administration routes in mice to assess 
the efficacy of glucose supplementation in hypoglycemic RYGB 
mice after bariatric surgery. Considering the ease of administra-
tion, pharmacokinetic profile, and severity of side effects of each 
administration technique, we selected subcutaneous as the op-
timal supplementation route. Moreover, we identified 24 to 48 h 
after surgery as the most critical timeframe for the occurrence of 
hypoglycemia. Immediate treatment is warranted to prevent the 
occurrence of severe and irreversible hypoglycemia.

Typically, dextrose is administrated to rodents through oral 
(gavage), intraperitoneal, or intravenous routes,4 none of which 
would be ideal for rodents recovering from a bariatric proce-
dure. We chose to investigate subcutaneous and OTM dextrose 

administration routes to avoid direct manipulation of vessels, 
the gastrointestinal tract, and the peritoneal cavity. Most bariat-
ric surgeries (vertical sleeve, lap band, and RYGB) aim to sig-
nificantly reduce stomach volume, thus making oral gavage 
less suitable. Dextrose administered in drinking water would 
lack dose control due to potential inappetence and reduced gut 
capacity and would risk possible hyperglycemia, or the animal 
may have inadequate dosing with reduced water intake. Intra-
peritoneal injection is contraindicated, because it requires insert-
ing needles near a healing surgical site. Intravenous dextrose is 
typically administered through surgically implanted catheters 
to avoid vasculature damage in diabetic animals.27 Furthermore, 
intravenous administration of dextrose causes BG concentra-
tions to spike rapidly and return to baseline quickly, typically 
after approximately 30 min,4 which is too short-acting for the 
clinical needs of postoperative RYGB rodents. The subcutane-
ous and OTM routes are minimally invasive and complied with 
our criteria for safe administration after bariatric surgery.

We determined that subcutaneous dosing was the easier, 
more reliable administration route. All subcutaneous doses 
were administered accurately, and mice received precise vol-
umes of dextrose. Conversely, OTM dosing was unreliable and 
difficult to perform due to the small oral mucosal surface size of 
the mouse. The OTM dextrose often dripped out of the mouse’s 
mouth or was ingested, which led to incomplete and untargeted 
dosing. The inability to administer the OTM dose without ad-
ministering some volume orally likely affected the glucose pro-
file. In addition, our saline cohorts established that while the 
handling and restraint for administration was mildly stressful 
for the mice and resulted in a small transient increase in BG, nei-
ther technique was significantly more stressful than the other.

We hypothesized that OTM dextrose administration would 
cause BG to peak earlier and have overall lower sustainability 
than subcutaneous administration. Transmucosal drug delivery 
into the bloodstream is thought to be nearly immediate, with a 
fast absorption, due to extensive vascularization.36 In contrast, 
subcutaneous tissue is much less vascular, causing slower ab-
sorption; consequently we anticipated a more sustained effect.34 
Our results showed that subcutaneous administration achieved 
peak concentrations faster than OTM, higher BG levels, and 
larger AUC from 5 to 30 min. Our OTM dosing challenges ex-
plain the slower-than-anticipated timeframe to reach peak BG, 
given that some dextrose was ingested and some was lost. Inac-
curate dosing resulting in oral absorption is not desirable due to 
potential insulin release and subsequent decrease in BG.4 After 
30 min there were no significant differences between subcu-
taneous and OTM dextrose, suggesting similar sustainability. 
The relative similarity in sustainability of the glucose profiles 
suggested that both methods could be viable options for supple-
mentation on the level of glucose uptake.

We selected subcutaneous dextrose administration as the op-
timal route for this study, despite the risk of tissue irritation after 
injection. In humans, extravasation of 10% and 50% dextrose 
solutions is known to cause tissue damage, edema, and necro-
sis.9,35 There is no literature outlining the risks of subcutaneous 
dextrose in rodents. Although we used a low concentration of 
dextrose (5%), we suspect that subcutaneous dextrose could 
increase risk of dermatitis given that C57BL/6 mice are predis-
posed to developing ulcerative dermatitis, etiologies for which 
are numerous but not well understood.11 In the pharmacokinetic 
phase of our study, only 2 mice (13%) were observed to have 
dermatitis, whereas in the surgery phase, 8 mice (50%) devel-
oped dermatitis. Although there may be an association between 
subcutaneous dextrose and dermatitis, it is difficult to determine 

Figure 1. Blood glucose concentration (mg/dL; mean ± 1 SD) after the 
administration of subcutaneous or OTM administration of dextrose 
(50 mg) or saline. Time 0, time of administration of dextrose or saline. 
*, Significant (P < 0.05) difference between BG values depending on 
route of administration.
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a causative relationship or risk assessment because dermatitis 
in C57BL/6 mice is often multifaceted and idiopathic.11 In ad-
dition, for the surgery phase of the study, a potential effect of 
Baytril, meloxicam, and sustained-release Meloxicam may have 
influenced the emergence of dermatitis. All cases of dermatitis 
in our study were relatively mild and resolved without causing 
marked discomfort to the mice. The reliability of both the dosing 
technique and stability of the glucose profile suggest that minor, 
resolvable dermatitis is an acceptable consequence of a superior 
dextrose supplementation route.

This study has provided clear evidence that rodents experi-
ence severe hypoglycemia after RYGB surgery. This finding sup-
ports glucose monitoring and supplementation in postoperative 
RYGB mice, despite finding no significant differences between 
treatment group grimace scores, number of hypoglycemic epi-
sodes, or mortality. Hypoglycemia is known to cause reduced 
movement and other depressive-like behaviors in mice26 as well 
as impaired healing;32 therefore untreated hypoglycemia may 
cause additional discomfort. In addition, only 2 mice (1 in the 
D group; 1 in the ND group) died after severe hypoglycemic 

Table 1. BG pharmacokinetic parameters after the administration of dextrose or saline

Route
Baseline BG  

(mg/dL) Cmax (mg/dL)
Time (min) at 

Cmax

BG (mg/dL) at  
180 min AUC0-180 min

Subcutaneous dextrose 129 ± 20 344 ± 73a 15 127 ± 24 38,018 ± 4656a

OTM dextrose 126 ± 26 255 ± 47a 30 130 ± 25 33,112 ± 5748a

Subcutaneous saline 110 ± 24 156 ± 34 30 114 ± 26 23,449 ± 5356
OTM saline 125 ± 24 170 ± 20 30 100 ± 22 24,004 ± 4602
aSignificant (P < 0.05) differences between values after subcutaneous compared with OTM routes of administration.

Table 2. Scoring of dermatitis after subcutaneous administration of glucose during phase 1

Animal ID 

Onset of dermatitis 
(no. of days after  

pharmacokinetics study) Character of lesion
Length of  

largest lesion Region affected

Calculated  
severity score 

(/100)
No. of days 

until resolution

1 3 Punctuate crust <1 cm Dorsal cervical 33 4

4 3 Excoriation with 
punctuate crust

<1 cm Left hindquarter 33 6

Table 3. Incidence and prevalence of hypoglycemic episodes during the 3-d glucose monitoring period after RYGB surgery

Animal ID Onset of hypoglycemia (no. of days after surgery)
No. of episodes 

of hypoglycemia

Dosed treatment group
7 1 4
1 2 2
9 2 2
12 2 2
14 2 2
5 1 1
6 1 1
Total 14

No-dose treatment group
8 1 7
10 1 3
15 2 3
2 2 2
3 2 2
11 1 2
13 2 1
Total 20

Not enrolleda

4 not applicable not applicable
16 not applicable not applicable

aAnimals that failed to reach the hypoglycemia threshold (60 mg/dL) during the 3-d examination period were not enrolled in either treatment 
group.
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events, thus complicating generalization regarding the effects 
of dextrose supplementation. The D group mouse that died was 
severely hypoglycemic and agonal (BG < 15 mg/dL) prior to 
receiving its final dextrose dose, and the intervention was likely 
too late to have an effect. The remaining 7 deaths could not be 
directly linked to hypoglycemia. Typical fasting BG levels for 
mice are 63 to 130 mg/dL (fast duration of 4 to 29 h) and nor-
mal resting BG is 109 to 173 mg/dL.16 Our study’s threshold for 
hypoglycemia (BG ≤ 60 mg/dL) was selected on the basis of the 
low end of the reference fasting BG level. We recommend using 
a higher threshold for intervention (for example, 80 mg/dL), 
because our threshold for hypoglycemia might have been too 
low to maintain sufficient and sustained BG levels yet prevent 
the effects of hyperglycemia. Although we administered a con-
sistent dose of 1 mL of 5% dextrose to all animals with BG ≤ 60 
mg/dL, tailoring the dose of dextrose depending on the severity 
of hypoglycemia may improve glycemic control. In addition, 

increasing the number of daily BG sampling times would allow 
for tighter glycemic control; however, the drawback of increased 
handling stress must be considered. Overall, based on our study 
results, we strongly recommend BG monitoring for at least 3 d 
after RYGB surgery in mice—even in mice that appear well at 24 
h after surgery, given that they may still experience a decrease in 
BG on the next day. In addition, we recommend extended moni-
toring for animals that have not been euglycemic for at least 24 
h. Although no significant differences in mortality were found 
in this study, intervention with subcutaneous dextrose in ani-
mals of clinical concern is strongly recommended. Further stud-
ies are needed to reach a conclusion regarding dosing regimens.

Human patients receive supportive care, dietary regimens, 
and intensive monitoring after surgical procedures. As a result, 
rapid onset hypoglycemia is usually not seen in human RYGB 
patients. However, the same postoperative management af-
forded to human patients is not often reflected in rodent models 
recovering from the same procedures. Our results indicate that 
hypoglycemia is a common adverse event in mice after RYGB, 
manifesting in nearly 90% of the cohort within 3 d of surgery. 
Major abdominal surgeries are painful, and pain is known to 
cause inappetence in rodents,21 which can then result in hypo-
glycemia. Mice have a significantly higher metabolic rate than 
humans, increasing the risk of hypoglycemia after relatively 
short periods without food.16 Some published mouse RYGB 
protocols include preoperative fasting,12,22 which is required 
for human patients to reduce the risk of aspiration pneumonia. 
However, rodents cannot vomit,13 making aspiration pneumo-
nia less of an issue. Instead, preoperative fasting can leave mice 
particularly vulnerable to hypoglycemia.16 Our results showed 
that most mice became hypoglycemic on day 2 after surgery. 
Given that the mice were not fasted preoperatively, leftover di-
gesta in the gastrointestinal tract may have allowed them to 
remain euglycemic for the first postoperative day, even when 
no food was actively consumed. We were unable to estimate 
when the mice started eating after surgery; we did not measure 
food intake due to concerns of inaccuracy given that, begin-
ning immediately after recovery, animals had unrestricted ac-
cess to liquid Ensure, 1 or 2 pellets of dry feed, and diet gel. 
We therefore recorded fecal output as a secondary indicator of 
feeding. Because a mouse’s gastrointestinal transit time is 6 to 
8 h,25 most (if not all) feed consumed preoperatively is likely to 
be evacuated by day 2 after surgery, despite alterations in gas-
trointestinal motility from surgery and analgesics. As a result, 
mice became vulnerable to developing hypoglycemia when 
they were not actively ingesting feed. By day 3, all mice had 
positive fecal output, indicating active consumption of food. 
This state likely made them at decreased risk for hypoglycemia. 
Interestingly, fecal output was not a useful indicator of sufficient 
food consumption to prevent decreased BG levels. During the 
3 d after surgery, 14 of the 16 mice became hypoglycemic even 
though feces were observed in 12 of the animals’ cages on day 1, 
in 11 cages on day 2, and in all 16 cages on day 3.

To combat pain, we administered buprenorphine as analge-
sia. However, opioids such as buprenorphine can further exac-
erbate inappetence in mice by causing abdominal discomfort, 
constipation23 and pica despite readily available food sources.15 
Buprenorphine-induced pica might have contributed to the 
death of the mouse that died from ingesting bedding. Clearly 
postoperative management is essential for both human and ani-
mal patients, and care must be taken to encourage feeding and 
dissuade pain.

Postoperative regimens for humans and mice are dissimilar 
in several ways, and closing the gap will improve translatability 

Figure 3. Average grimace scores (mean ± 1 SD) for D and ND groups 
during the first 3 d after RYGB surgery. No significant differences were 
present at any time point.

Figure 2. Average BG concentrations (mg/dL; mean ± 1 SD) for D and 
ND groups during the first 3 d after RYGB surgery. Time 0, time of 
surgery. No significant differences were present at any time point.
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in rodent models. To advance the clinical care of rodents after 
surgery, evidence-based clinical decisions need to be guided 
by prospective hypothesis-driven studies, in addition to clini-
cal case evaluations. Unlike mice, humans can articulate their 
need for analgesia and follow a strict diet plan after bariatric 
surgery,3 which can combat fluctuations in pain, appetite and 
resultant BG levels. Although several published RYGB protocols 
in mice are available, they differ widely in surgical procedure, 
postoperative care, and mortality rates.2,7,12,29 No previous stud-
ies have included glycemic monitoring in the postoperative pe-
riod in mice, and hypoglycemia is not mentioned as a possible 
complication, despite the strong likelihood that it did affect (if 
only peripherally) the overall healing, health and survivabil-
ity of the animal. We conclude that hypoglycemia in mice after 
RYGB is a common adverse event and potential welfare issue 
that can be an obstacle toward creating a robust translational 
model. Although our study shows no difference in survivability 

between treatment groups, further research with larger sample 
sizes is necessary. Considering that surgical mouse models are 
time-, labor-, and financially intensive, any improvements can 
be substantial, particularly those that lead to a more translat-
able model. Given the ease and low cost of BG measurement 
and dextrose supplementation as well as the clinical need for 
glucose management, we strongly recommend their inclusion 
in the mouse RYGB protocol. It is critical to identify and resolve 
glycemic fluctuations to have mouse models that remain trans-
latable and robust and to ensure quality animal welfare.
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Table 4. Scoring of dermatitis after RYGB surgery in phase 2.

Mouse 
Date of onset  

(postoperative day) Character of lesion
Length of largest 

lesion Region
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(/100)
Time (d) to 
resolution

Dose treatment group
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12 5 Punctuate crust <1 cm Dorsal cervical 33 5

No-dose treatment group
3 3 Ulcerated <1 cm Dorsal cervical 56 9

4 4 Punctuate crust <1 cm Dorsal cervical 33 9

11 6 Punctuate crust <1 cm Left thorax 33 3

15 5 Punctuate crust <1 cm Right thorax 33 5

Not enrolleda

16 5 Punctuate crust <1 cm Dorsal cervical 33 4
aAnimals that failed to fall below the 60-mg/dL hypoglycemia threshold during the 3-d examination period were not enrolled in either treatment 
group.

Table 5. Causes of postoperative death as determined through necropsy

Before surgery

Treatment 
group

Date of  
death 

(d after  
surgery) 

Last BG  
(mg/dL); 

day and time

Second to last BG  
(mg/dL); day and  

time

Weight (g)  
prior to weight  
on day of deathCause of death Mouse 

Weight  
(g)

BG  
(mg/dL)

Aspiration pneumonia 13 30.96 152 ND 2 98 
day 2, 1200

59 
day 2, AM

NR

14 31.72 185 D 4 61 
day 3, PM

21 
day 3, 1200

24.81, day 3

Bedding impaction 6 41.95 148 D 4 75 
day 3, PM

80 
day 3, 1200

36.11, day 3

Hypoglycemia 9 37.33 192 D 2 Low 
day 2, 1200

84 
day 2, AM

NR

10 42.34 163 ND 2 Low 
day 2, AM

16 
day 1, PM

NR

Surgery site leakage 2 38.42 268 ND 10 60 
day 3, PM

65 
day 3, 1200

27.08, day 9

5 44.67 154 D 11 71 
day 3, PM

76 
day 3, PM

28.94, day 11

NR, not recorded
Low is a readout on the glucometer when BG is below the limit of quantification
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