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Mesenteric arterial dysfunction in the UC Davis Type 2 Diabetes
Mellitus Rat model is dependent on pre-diabetic versus diabetic
status and is sexually dimorphic
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Roglans3, Marta Alegret3, Arta Gharib Parsal, Kimber L. Stanhope?, Peter J. Havel?,
Roshanak Rahimian®”

1Department of Physiology & Pharmacology, Thomas J. Long School of Pharmacy & Health
Sciences, University of the Pacific, Stockton, CA 95211.

2Department of Molecular Biosciences, School of Veterinary Medicine, and Department of
Nutrition, University of California, Davis, CA, 95616.

3Department of Pharmacology, Toxicology, and Therapeutic Chemistry, School of Pharmacy;,
University of Barcelona, Barcelona, Spain.

Abstract

Previous reports suggest that diabetes may differentially affect the vascular beds of females and
males. However, there is insufficient evidence to establish the timeline of the vascular dysfunction
in diabetes, specifically in relation to sex. Here, we determined whether mesenteric arterial
function is altered in UC Davis Type-2 Diabetes Mellitus (UCD-T2DM) rats and if this occurs as
early as the pre-diabetic stage of the disease. Specifically, we investigated whether vascular
dysfunction differs between pre-diabetic or diabetic status and if this varies by sex. We measured
the responses to endothelium-dependent and -independent vasorelaxant as well as vasoconstrictor
agents and explored the potential mechanisms involved in sex-specific development of arterial
dysfunction in UCD-T2DM rats. In addition, indices of insulin sensitivity were assessed. We
report the reduced insulin sensitivity in pre-diabetic males and diabetic females. Vascular
relaxation to acetylcholine was impaired to a greater extent in mesenteric artery from males in the
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pre-diabetic stage than in their female counterparts. In contrast, the arteries from females with
diabetes exhibited a greater impairment to acetylcholine compared with diabetic males.
Additionally, the sensitivity of mesenteric artery to contractile agents in females, but not in males,
after the onset of diabetes was increased. Our data suggest that the reduced insulin sensitivity
through Akt may predispose vessels to injury in the pre-diabetic stage in males. On the other hand,
reduced insulin sensitivity as well as enhanced responsiveness to contractile agents may
predispose arteries to injury in the diabetic stage in females.

Keywords

endothelial dysfunction; type-2 diabetes; pre-diabetes; insulin sensitivity; sex differences;
mesenteric artery

1. Introduction

Cardiovascular diseases (CVD) are the leading cause of mortality and morbidity in diabetic
patients (Brunner et al., 2005; Kannel and McGee, 1979; Morrish et al., 2001). CVD is less
common in premenopausal women compared with men, but this difference disappears in the
postmenopausal years (Barrett-Connor, 1994). Epidemiological studies indicate that diabetic
premenopausal women not only lose this sex-based protection, they experience a higher
CVD risk compared to diabetic men (Brandenburg et al., 2002; Di Carli et al., 2002; Kalyani
et al., 2014; Steinberg et al., 2000), suggesting that diabetes abrogates the beneficial vascular
effects of sex steroids. We previously reported sex differences in the endothelium-dependent
vascular relaxation in type 1 diabetic rats (Han et al., 2016; Zhang et al., 2012). However,
the pathophysiology of endothelial dysfunction in type 2 diabetes is likely to differ from that
in type 1 diabetes, and more importantly, the prevalence of type 2 diabetes is rapidly
increasing worldwide.

To better study the pathogenesis and potential treatment strategies, a proper animal model is
required. This study was performed on mesenteric arteries obtained from a polygenic rat
model of type 2 diabetes developed at the University of California (UC) Davis. The UC
Davis type 2 diabetes mellitus (UCD-T2DM) rat has been validated in more than 20
published studies (Cummings et al., 2013; Cummings et al., 2011; Cummings et al., 2012;
Cummings et al., 2008; Cummings et al., 2010; Kleinert et al., 2018). This model more
closely replicates the pathophysiology of type 2 diabetes in humans than other rodent
models of the disease and exhibits the key features of the disease in humans such as
polygenic adult-onset obesity, insulin resistance, intact leptin signaling, and eventual g-cell
decompensation with preserved fertility in both sexes (Cummings et al., 2008). Based on
these similarities, the UCD-T2DM model can provide us with much needed data on
pathophysiological mechanisms of diabetes observed in humans.

Diabetes is associated with vascular complications (Bakker et al., 2009; Sachidanandam et
al., 2006; Schach et al., 2014). A recent study noted the exaggerated responses in
sympathetic activity and blood pressure in UCD-T2DM model (Grotle et al., 2019).
However, there is no data on vascular reactivity changes in this model. Endothelial
dysfunction represents an early step in the vascular complications of diabetes. Nonetheless,
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there is insufficient evidence to establish the timeline of the endothelial dysfunction in
diabetes, specifically in relation to sex. Thus, we determined whether endothelium-
dependent vascular relaxation is impaired in UCD-T2DM rats and if this is apparent during
the pre-diabetic stage of disease. We investigated whether vascular dysfunction differs
between pre-diabetic or diabetic status, and if this may be different between sexes. Here, we
measured the responses to vasorelaxant as well as vasoconstrictor agents and explored the
potential mechanisms involved in sex-specific development of vascular dysfunction in UCD-
T2DM rats.

Although nitric oxide (NO) is the primary mediator of vascular relaxation, endothelium-
derived hyperpolarizing factor (EDHF) is also an important regulator of vascular tone,
especially in small vessels (Zhang et al., 2012). We also determined the influence of diabetes
in modulating the contribution of NO and EDHF to vascular relaxation.

This is a first report demonstrating mesenteric arterial function is impaired as early as the
pre-diabetic stage in both sexes in the UCD-T2DM rat. It also reveals that sex differences
exist in vascular dysfunction in the pre-diabetic and diabetic stages. Our data suggest that
the reduced insulin sensitivity through Akt, in addition to a loss of EDHF-mediated
vasorelaxation, may predispose vessels to injury in the pre-diabetic stage in males. However,
reduced insulin sensitivity and enhanced responsiveness to contractile agents may
predispose arteries to injury in the diabetic stage in females.

2. Materials and Methods

All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA), and
dissolved in water unless otherwise stated.

2.1. Experimental animals

In the present study, female and male UCD-T2DM rats in the pre-diabetic or diabetic stage
were studied. The UCD-T2DM rats were generated by breeding obese Sprague Dawley (SD)
rats with Zucker Diabetic Fatty (ZDF) lean rats that were homozygous wild-type for the
leptin receptor and had inherent B-cell defects (Cummings et al., 2008).

Overall, the development of diabetes in UCD rats is variable and dependent on body weight.
For the purposes of this study, we selected 19-20-week-old UCD rats that had developed
diabetes (diabetic group) and 19-20-week-old UCD rats that had not yet developed diabetes
(prediabetic group) but had higher weight than controls. The age of disease onset in the
diabetic group was 14 weeks for females and 11 weeks for males. At the time of killing, the
females had diabetes for a duration of 47 + 3.4 days and the males for 60 + 5 days.

Additionally, age-matched (~19-20-week-old) female and male non-obese and non-diabetic
SD rats (Simonsen Laboratories, Gilroy, CA) were employed as controls for UCD-T2DM
rats. When compared to controls, the pre-diabetic rats had significantly higher body weight,
but their non-fasting plasma glucose level or HBA1C was not high enough to be diagnosed
as diabetes. The diabetic rats exhibited a non-fasting blood glucose level above 300 mg/dl,
and expressed three features of hyperglycemia: polyuria, polydipsia, and polyphagia.

Eur J Pharmacol. Author manuscript; available in PMC 2021 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shaligram et al.

Page 4

UCD-T2DM rats were bred and housed in the animal facility in the Department of Nutrition
at UC Davis, before being transferred to the University of the Pacific. The UCD and control
animals were maintained with ad /ibitum water and standard rodent chow food (Mazuri
Rodent food) at constant humidity and temperature, with a light/dark cycle of 12 h at the
University of the Pacific (Unlike female ZDF rats, female UCD-T2DM rats develop diabetes
without the need for supplementation with high fat/high sugar diets). After acclimation for
one week at the University of Pacific, animals were euthanized using CO,. The
euthanization process followed recommendations from the 2013 AVMA Guidelines on
Euthanasia and the NIH Guidelines for the Care and Use of Laboratory Animals. All animal
protocols were approved by the Institutional Animal Care and Use Committee of the
University of the Pacific (protocol#18R11) and UC Davis (protocol#19986) and complied
with the Guide for the Care and Use of Laboratory Animals: Eighth Edition (US National
Institutes of Health 2011) and with ARRIVE guidelines.

2.2. Blood and plasma analysis

Blood samples were obtained by an intracardiac puncture and collected in tubes containing
heparin or sodium citrate. Plasma was obtained by centrifugation at 10,000xg for 5 min at
4°C and stored at —80°C for later analysis. Glucose and triglycerides were measured in 12-h-
fasted rats using an Accutrend Plus System (hand-held point-of-care device) and specific test
strips (Roche Farma, Barcelona, Spain) with a drop of blood collected from the tail vein.
Insulin and leptin levels were also assessed by using ELISA kits (Mercodia Ab, Uppsala,
Sweden) according to the manufacturer’s instructions. Insulin sensitivity index (ISI) was
determined from fasting plasma glucose and insulin using the following formula as
previously described (Sanguesa et al., 2016; Shaligram et al., 2018): ISI = [2/ (blood insulin
(nM) x blood glucose (uUM) + 1].

Blood collected after killing of the animals was also used to assess the level of glycated
hemoglobin (HbA1c). The HbAlc was measured using the Bayer A1cNow test kit,
according to manufacturer’s instructions. Animals with HbAlc level greater than 6.5 percent
on two consecutive measurements are considered to have developed overt diabetes.

2.3. Measurement of mesenteric arterial tension

The branches of mesenteric arteries of the second and third order were separated from veins
and cleared of fatty and adhering tissues and cut into 2 mm rings with an internal diameter
ranging from 250-350 um. Each 2-mm segment was mounted between two jaws with the
use of tungsten wire (40 pm diameter) in an organ bath of myograph (model 610M; Danish
Myo Technology, Denmark). The organ bath contained Krebs solution of (in mM) 119 NaCl,
4.7 KCl, 1.6 CaCly, 1.2 MgSOy, 1.2 KH,PO4, 25 NaHCO3, 0.023 EDTA, and 6 glucose at
37°C, bubbled with 95% O,-5% CO,. The arterial tension was monitored with a computer-
based data acquisition system (Chart5, Powerlab; ADInstruments, Colorado Springs, CO).
The rings were normalized to a resting tension of 13.3 kPa and equilibrated for 30 min to
obtain a basal tone. Arterial segments were then stimulated with 80 mM KCI solution twice.
To test the viability of the endothelium, acetylcholine (10 uM)-induced relaxation was
recorded in phenylephrine (PE, 2 uM) pre-contracted vessels.

Eur J Pharmacol. Author manuscript; available in PMC 2021 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shaligram et al. Page 5

2.4. Relaxation responses to acetylcholine

Avrterial rings were contracted with PE (2 uM), which produced about 80% of the maximal
contraction. The concentration-response curve (CRC) was obtained by the addition of
increasing concentrations of acetylcholine (1078 to 107> M).

The vascular relaxation to acetylcholine (1078 to 107> M) in rat mesenteric arterial rings
were then obtained before and after pretreatment with indomethacin (Indo, 10 pM, a blocker
of the cyclooxygenase (COX), followed by addition of L-NAME (200 uM, NO synthase
(NOS) blocker) and then a combination of barium chloride (100 uM, K,r channel blocker)
and ouabain (10 uM, Na*-K*-ATPase blocker).

2.5. Relaxation responses to sodium nitroprusside (SNP)

The CRC to SNP (1079 to 10> M), a NO donor, was generated in mesenteric arterial rings
pre-contracted with PE (2 uM).

2.6. Constrictor responses to PE or endothelin-1 (ET-1)

The CRC to PE or ET-1 was obtained by the addition of increasing concentrations of PE
(1077 to 3x1075 M) or ET-1 (10710 to 3x1078 M).

The concentration of drugs used to generate relaxation or contraction curves were based on
the standard protocol used by our group (Han et al., 2016; Han et al., 2014; Shaligram et al.,
2018; Zhang et al., 2012).

2.7. Real-time polymerase chain reaction (PCR)

The whole mesenteric artery bed was submerged in RNAlater (Life Technologies, Carlsbad,
CA ) shortly after dissection. All second- to third-order branches of mesenteric arteries were
excised and cleared from veins, fat, and adhesive tissues. They were placed ina 1.5 ml
centrifuge tube containing RNAlater, kept at 4°C overnight and stored at —80°C for later
analysis.

Total RNA was extracted from Arteries using RNeasy Mini Kit with on-column DNase
treatment (Qiagen, Valencia, CA). Omniscript RT Kit (Qiagen, Valencia, CA) and random
primers (Life Technologies, Carlsbad, CA) were used to synthesize the cDNA, according to
the manufacturer’s instruction. cDNA was used for specific mRNA expression quantified
with real-time PCR (MyiQ Single-Color Real-Time PCR Detection System; Bio-Rad).
Internal variations were normalized to rat p-actin. The following primers were used for
detection of gene expression rat Kc,2.3: 5'-ACTTCAACACCCGATTCGTC-3” (forward)
and 5'-GGAAAGGAACGTGATGGAGA-3" (reverse); rat NADPH oxidase (Nox4): 5'-
CCA GAA TGA GGA TCC CAG AA-3’ (forward) and 5"-AGC AGC AGC AGC ATG
TAG AA-3’ (reverse); rat Nox2: 5"-ACC CTT TCA CCC TGA CCT CT-3’(forward) and
5-TCC CAG CTC CCA CTA ACA TC-3’ (reverse); rat p-actin: 5’-
CTGGGTATGGAATCCTGTGG (forward) and 5'-TCATCGTACTCCTGCTTG CTG
(reverse).

Eur J Pharmacol. Author manuscript; available in PMC 2021 July 15.
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2.8. Western-blot analysis

Avrterial tissue was assessed for Akt, phosphorylated (pAkt) and the suppressor of cytokine
signaling-3 (SOCS3) proteins via standard Western blotting procedures performed as
described previously by us (Sanguesa et al., 2016; Shaligram et al., 2018). Briefly,
mesenteric arterial samples were micronized through freezing with liquid nitrogen and
ground with a mortar as previously described (Baena et al. 2015). Liver samples were
homogenized with a Dounce homogenizer. For total protein extraction, lysis buffer with
proteases, phosphatases and acetylases inhibitors (50 mM Tris— HCI pH=8, 150 mM NacCl,
1% lgepal, 10mM NaF, 1 mM EDTA, 1mM EGTA, 2 mM Nappi, 1mM PMSF, 2 ug/mL
leupeptin, 2 pg/mL aprotinin, 1 mM Na3VO4, 10mM NaM, 1uM TSA) was used. Samples
were homogenized for 1.5 h at 4°C, centrifuged at 15,000xg for 15 min at 4°C and
supernatants were collected. The homogenates were kept on ice for 10 min and centrifuged
at 1000xg for 10 min at 4°C. Lysis buffer was added to the pellet obtained and samples were
incubated for 1.5 h at 4°C, centrifuged at 25,000xg for 30 min at 4°C and supernatants were
collected. Protein concentrations were determined by the Bradford method (Bradford 1976).

Primary antibodies for total and pAkt (Ser-473) were supplied by Cell Signaling (Danvers,
MA, USA), and the antibody against SOCS3 was from Santa Cruz Biotechnologies (Dallas,
TX, USA). To confirm the uniformity of protein loading, blots were incubated with B-actin
antibodies (Sigma-Aldrich, St. Louis, MO, USA), normalized for -actin levels and
expressed as arbitrary units (a.u.).

2.9. Statistical analysis

The relaxation induced by acetylcholine and SNP was represented as a percentage of
relaxation from maximum PE contraction at each concentration. ECsg, the concentration of
the agonist, which produced half of the maximum response (Emax), Was calculated by a
sigmoidal dose-response model (for variable slope) using GraphPad Prism 7.0 (GraphPad
Software, San Diego, CA). The sensitivity of the agonists was expressed as pD, values (=log
[ECs0l), which was normally distributed. One-way ANOVA test was used for comparisons
of means among experimental groups (e.g., ECsg, Emax, and metabolic data). When the one-
way ANOVA test returned (P < 0.05), post hoc analysis using Bonferroni’s test was
performed. Comparison of CRC between two groups was made using two-way ANOVA
followed by Tukey’s post hoc test. Comparison of CRC in a pre/posttest format within a
group was made using two-way ANOVA with repeated measures followed by Bonferroni’s
post hoc test. Statistical analysis for protein expression was performed by one-way ANOVA
test, followed by post hoc analysis using Sidak’s test.

3. Results

3.1. Pre-diabetes and diabetes alter metabolic parameters

We used age-matched non-diabetic, pre-diabetic, and diabetic animals (19-20-week-old).
The UCD male and female animals were different with respect to the age of onset of
diabetes (female: 14 weeks; male: 11 weeks). As shown in Table 1, the body weights of
female and male UCD rats in both pre-diabetic and diabetic stages were significantly higher
than those in nondiabetic controls. Similarly, the weight of intra-abdominal adipose tissue

Eur J Pharmacol. Author manuscript; available in PMC 2021 July 15.
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(visceral white adipose tissue located around the digestive organs such as mesenteric and
omental) was significantly higher in pre-diabetic and diabetic rats than those in non-diabetic
controls in both sexes. When compared to pre-diabetic or diabetic females, the male
counterparts had a higher body weight. The ratio of intra-abdominal adipose tissue to body
weight was significantly higher in pre-diabetic and diabetic female rats than in males.
Furthermore, when compared with pre-diabetic and diabetic male rats, pre-diabetic and
diabetic females had higher circulating triglyceride levels (although it did not reach
statistical significance in pre-diabetic females). As expected, fasting blood glucose and
HbA1c levels in female and male rats in the diabetic stage were significantly higher than
those in their respective pre-diabetic animals and non-diabetic control animals (Table 1).

3.2. Pre-diabetes and diabetes alter insulin sensitivity

Fasting plasma insulin concentration was significantly higher in only diabetic female rats
compared with pre-diabetic and non-diabetic female controls (Table 1). Only pre-diabetic
male rats tended to have higher circulating insulin levels than non-diabetic control male rats,
potentially due to 3-cell decompensation in diabetic male rats (Table 1). Furthermore, the ISI
was significantly lower (half-fold change, P<0.05) in pre-diabetic males than in nondiabetic
controls or pre-diabetic females. The ISI was lower for both sexes in the diabetic stage
compared with their respective non-diabetic controls, although in diabetic males the
difference was not statistically significant.

Similar to the results for plasma insulin levels, pre-diabetic males but not pre-diabetic
females exhibited elevated circulating leptin levels. However, circulating leptin
concentrations were significantly higher in diabetic female rats compared with those in pre-
diabetic females, non-diabetic control, and diabetic males. Circulating leptin concentrations
in pre-diabetic males and diabetic females may reflect adiposity and leptin resistance in
these groups. Thus, this observation prompted us to examine the hepatic expression of
SOCS3, which is involved in suppression of the leptin signaling pathway (Lubis et al.,
2008). However, Western blot analysis revealed that hepatic SOCS3 expression was not
significantly different between pre-diabetic or diabetic groups and their respective control
groups in both sexes, suggesting that the leptin signaling pathway is likely to be intact in the
liver in the UCD-T2DM rat model (Table 1, Supplemental Fig. 1).

3.3. Pre-diabetes impairs relaxation responses to acetylcholine more intensely in males,
and diabetes impairs it more intensely in females

The CRC to acetylcholine was markedly different in the pre-diabetic and diabetic stages for
both sexes compared with non-diabetic controls (Fig. 1A and 1B). Moreover, there was a
shift in the CRC of diabetic animals compared with pre-diabetic animals, regardless of sex.
Both Epax and pDs, to acetylcholine were significantly reduced in arteries from diabetic rats
compared with those in their respective non-diabetic control animals, regardless of sex
(Table 2). Interestingly, in the pre-diabetic stage, the extent of impairment was higher in
males compared with that of female rats, as shown by a significant decrease in the Epax
(Table 2). On the other hand, the effect of diabetes in blunting acetylcholine-mediated
relaxation in females was significantly greater than that in males (Table 2). Both sensitivity
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and Ennax to acetylcholine in arteries of diabetic females were significantly lower than those
in diabetic males (Table 2).

3.4. Pre-diabetes and diabetes alter the relative contributions of NO and EDHF to
relaxation responses to acetylcholine

The relative contributions of prostacyclin (PGl5), NO, and EDHF to acetylcholine-induced
relaxation responses were determined by sequentially blocking COX, NOS, and a
combination of Kjr channel and Na*-K*-ATPase pump. The administration of Indo to block
COX activity increased acetylcholine responses in diabetic models, but the effects on Epax
to acetylcholine did not reach significance in either sex (Fig. 2 and 3, Table 3). The addition
of L-NAME resulted in a further reduction in acetylcholine-induced relaxation of arteries
from control rats, however the effect was more prominent in pre-diabetic or diabetic animals
of both sexes, suggesting the contribution of NO-mediated relaxation was enhanced (or
EDHF-type relaxation was diminished in arteries of these groups) (Fig. 2 and 3). In the pre-
diabetic stage, the effect of L-NAME was much greater in males compared with females
(Fig. 3B vs. 2B: pre-diabetic male vs. pre-diabetic female, respectively, two way ANOVA
with repeated measures, P<0.05, between third curve vs. fourth curve). The pretreatment of
arteries with barium and ouabain in the presence of Indo and L-NAME almost completely
abolished the remaining relaxation responses to acetylcholine in both sexes of control and
UCD rats regardless of their disease status (Fig. 2 and 3, Table 3).

3.5. Pre-diabetes and diabetes alter mRNA expression of small-conductance calcium
activated potassium channels (SKcy)

It is well known now that smooth muscle hyperpolarization results indirectly from the
opening of endothelial small- and intermediate-conductance calcium activated potassium
channels (SK¢, and IK¢p) (Feletou, 2016; McNeish et al., 2006; Weston et al., 2010).
Therefore, a defective EDHF-mediated relaxation would also be expected to result from any
significant loss of these hyperpolarizing K¢, channels on the endothelium (Garland, 2010;
Gillham et al., 2007; Kong et al., 2015). To study whether the loss of EDHF-type relaxation
was associated with the changes in SK¢,, the mRNA expression levels of K,2.3 were
measured (Fig. 4). Real-time PCR analysis revealed that the expression of K¢,2.3 was
significantly downregulated in pre-diabetic males, but not in females. Although K¢52.3
mMRNA expression tended to be lower in pre-diabetic females than in control females, the
difference was not statistically significant. The levels of Kc;2.3 mRNA expression were
significantly reduced in arteries taken from diabetic animals in both sexes compared with
those in their respective non-diabetic control animals (Fig. 4).

3.6. Pre-diabetes and diabetes impair relaxation responses to SNP

The sensitivity of arteries to NO was investigated by performing CRC to SNP (1079 to 107°
M). There was a significant rightward shift in the CRC to SNP in diabetic animals,
regardless of sex. Both diabetic female and male rats showed lower sensitivity, as assessed
by pD, values, and lower Ep,ax compared with their respective non-diabetic controls (Fig.
5A and 5B, Table 4). However, when compared to their respective pre-diabetic groups,
arteries from diabetic females exhibited a more pronounced shift of SNP CRC, as indicated
by lower pD, values and Ep,x (Table 4).

Eur J Pharmacol. Author manuscript; available in PMC 2021 July 15.
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3.7. Diabetes enhances sensitivity to contractile agents in females, but not in males

To examine the sensitivity of arteries to contractile agents, CRC to PE (an a-adrenoceptor
agonist, 1077 to 3x107> M) or ET-1 (10719 to 3x1078 M) were generated (Fig. 6 and 7). The
Tensiony,x to PE or ET-1 was not different between sexes in pre-diabetic and diabetic
groups. In the diabetic stage, females, but not males, showed a higher sensitivity (pD- value)
to PE (Table 5) or ET-1 (Table 6) compared with their respective non-diabetic control or pre-
diabetics. When compared with diabetic males, the sensitivity to PE in arteries of diabetic
females was significantly higher (Table 5).

3.8. Sex and diabetic stage differentially alter intracellular pathways related to vascular

function

We further investigated the possible mechanisms underlying the impairment of the
acetylcholine responses as well as the elevated responses to contractile agents in this model.
Since vascular dysfunction could be related to insulin resistance, and our results suggested
that insulin signaling could be impaired in pre-diabetic and diabetic rats, we analyzed the
expression of Akt, one of the main transducers of insulin signaling, using Western blot
analysis. As shown in Fig. 8, the amount of p-Akt (Ser-473) was significantly reduced in
arteries from both pre-diabetic and diabetic males, while total Akt protein increased,
suggesting impaired insulin signaling. The p-Akt expression also tended to be lower in
diabetic females than in nondiabetic controls, although the difference was not statistically
significant.

We also measured the mRNA expression of NADPH oxidase (Nox) subunit, Nox4, major
sources of superoxide in the small vessel wall arteries (Touyz et al., 2002). Real-time PCR
analysis revealed that the level of Nox4 mRNA expression was significantly higher in
arteries from pre-diabetic males, but not females, and diabetic rats of both sexes compared
with their respective non-diabetic controls (Fig. 9). Furthermore, there was a sex difference
in the Nox4 mRNA expression in the pre-diabetic stage. The mRNA expression for Nox4
was significantly higher in pre-diabetic males than in the pre-diabetic females (Fig. 9).
Furthermore, we measured the level of MRNA expression for Nox2. Except for pre-diabetic
females compared with their respective controls, there were no differences in Nox2 mRNA
expression in arteries taken from the experimental groups. The levels of Nox2 mRNA
expression was lower in the mesenteric artery of pre-diabetic females than in controls (P<
0.05, One way ANOVA, 6 per group) (Supplemental Fig. 2).

4. Discussion

We provide the first measures of vascular function in a validated polygenic rat model of type
2 diabetes. Our study demonstrates the impaired mesenteric arterial function as early as the
pre-diabetic stage in both sexes in the UCD-T2DM rat model. It also reveals that sex
differences exist in the development of abnormal vascular relaxation in the pre-diabetic and
diabetic stages of this model.

Here, the pre-diabetic males showed a trend of higher insulin levels compared with pre-
diabetic females and non-diabetic control. However, at the diabetic stage, only females
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exhibited hyperinsulinemia. Given the males had earlier onset of disease than the females,
their lower insulin levels could represent B-cell decompensation. Ohta et al. also observed an
elevated blood insulin level in spontaneously diabetic torii (SDT) female rats compared with
SDT male rats (Ohta et al., 2014). In the study of Ohta et al., the diabetes progression, a rise
in blood glucose, and a decline in blood insulin level (suggestive of B-cell decompensation),
was observed earlier in male rats than in females.

Consistent with the increases in circulating insulin levels, plasma leptin levels were also
elevated in pre-diabetic males and diabetic females. These rats appear to have intact leptin
signaling, as shown by moderately increased levels of leptin and no significant differences in
hepatic SOCS3 expression level between the pre-diabetic or diabetic groups and their
respective controls in both sexes. Several studies have shown SOCS3 protein expression can
be elevated by the increased circulating level of leptin and is associated with leptin
resistance (Bjorbaek et al., 1998; Howard et al., 2004). The unaltered SOCS3 protein level
suggests intact leptin signaling in this model, as previously reported by Dr. Havel’s group
(Cummings et al., 2008).

Endothelial dysfunction represents an early step in the development of vascular
complications in diabetes (Bakker et al., 2009; De Vriese et al., 2000; Ding et al., 2005;
McVeigh et al., 1992; Oltman et al., 2006; Takenouchi et al., 2009). Here, we demonstrated
that acetylcholine-induced vascular relaxation was impaired in the pre-diabetic and diabetic
stage in UCD animals in both sexes. An intriguing observation of this study was that, in the
pre-diabetic stage, arteries of males exhibited a greater impairment in vascular relaxation
compared to females. Moreover, the pre-diabetic males, but not pre-diabetic females,
demonstrated significantly lower ISI compared with their respective control or pre-diabetic
females. A positive correlation has been reported between insulin sensitivity and flow-
mediated dilation in hypertensive patients (Grassi et al., 2008).

At the diabetic stage, however, the arteries from females demonstrated a greater suppression
of acetylcholine-induced relaxation than those observed in arteries from males. Sex-based
differences in vascular function are well studied (Miller, 2010), and there are also reports on
the effects of sex hormones on the vascular endothelial function in diabetic animals
(Martinez-Nieves and Dunbar, 2001; Matsumoto et al., 2008; Park et al., 2011; Zhang et al.,
2012). However, to the best of our knowledge, this study is the first to characterize vascular
function as early as the pre-diabetic stage with respect to sex. The greater impairment of
relaxation responses to acetylcholine in pre-diabetic males than pre-diabetic female arteries
suggests that female sex hormones may protect pre-diabetic animals against more severe
endothelial dysfunction. However, when females become diabetic, they exhibit a greater
endothelial dysfunction than males. Additional studies are needed to establish the specific
role of sex hormones in the progression of vascular dysfunction. Nevertheless, these results
are, in part, in agreement with the findings of prospective population-based studies on
humans suggesting an association of diabetes with increased risk of CVVD mortality in both
sexes, but a greater degree of association in women than men (Hu, 2003).

The reduction of acetylcholine responses after incubation of arteries with L-NAME
represents the effect of NO, and the remaining relaxation is considered as EDHF-mediated
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response (Feletou and Vanhoutte, 1988; Komori et al., 1988). The altered EDHF activity in
the arteries of diabetic animals has been reported (Fukao et al., 1997; Shi et al., 2006).
Furthermore, a decrease in EDHF-mediated response has also been reported in the
mesenteric arteries from young female rats during the oestrus cycle and after ovariectomy.
(Liu et al., 2001; Liu et al., 2002). However, the specific roles for the NO and EDHF
pathways in the pre-diabetic or diabetic stage in relation to sex have not been shown. In this
study, the importance of NO to the regulation of vascular reactivity was enhanced, while
EDHF-type relaxation was diminished in both pre-diabetic and diabetic animals, regardless
of sex. Despite the higher relative importance of NO, vascular relaxation was significantly
impaired in the pre-diabetic and diabetic models. It is important to note that we used a
nonselective inhibitor of NOS, which can also inhibit the uncoupled action of NOS leading
to superoxide production. Therefore, the elevated L-NAME responses in the pre-diabetic and
diabetic animals may be associated with uncoupled NOS, a major source of superoxide in
vasculature in diabetes (Cai and Harrison, 2000). In this study, we did not measure
superoxide production. However, we observed an elevated expression of Nox4 mRNA in
pre-diabetic males (but not pre-diabetic females) and diabetic models of both sexes. Elevated
expression of Nox4 has been reported in many CVD such as atherosclerosis and diabetic
vasculopathies (Chen et al., 2012). In blood vessels, Nox4 is by far the most abundant Nox
isoform (>1000 fold copy number over that of Nox2) (Matsuno et al., 2005). Here, no
difference in Nox2 mRNA expression was found in arteries of diabetic animals or pre-
diabetic males. However, the mRNA expression of Nox2 was lower in arteries of pre-
diabetic females than in controls. Although the functional consequences of lower expression
of Nox2 in pre-diabetic female arteries are unclear, these data may further suggest a possible
protective effect of female sex hormones in pre-diabetic animals against more severe
vascular dysfunction. Another point to consider is that endothelium-dependent relaxation in
the smaller arteries is mediated by both NO and EDHF (McCulloch and Randall, 1998).
Therefore, the impairment of relaxation responses to acetylcholine observed in the pre-
diabetic and diabetic models may be due to reduced EDHF-mediated relaxation, which is the
major vasodilatory mediator in arteries in these groups. This theory is supported by
observation of a greater extent of impairment of vasorelaxation in pre-diabetic males than
that in pre-diabetic females, possibly due to a larger (or complete) loss of EDHF-type
relaxation in pre-diabetic males (Fig. 3B vs. 2B). It should be noted that diabetic females
exhibited a greater impairment of acetylcholine relaxation responses than diabetic males
despite there being no difference in the diminished contribution of EDHF between these two
diabetic groups (both male and female diabetic groups exhibited the loss of EDHF-mediated
relaxation). This may suggest that, in the setting of the loss of EDHF, other factors are
contributing to the greater impairment of acetylcholine responses observed in diabetic
females.

A defective EDHF-mediated relaxation observed here could result from a significant loss of
hyperpolarizing K¢, channels on the endothelium (Garland, 2010; Gillham et al., 2007;
Kong et al., 2015). It has been shown that SK¢, channels activity was down-regulated in
mesenteric arteries of spontaneously hypertensive rats (Weston et al., 2010). In the current
study, we observed a significant decrease in mMRNA expression of Kc,2.3 in pre-diabetic
males and diabetic rats of both sexes. Burnham et al (Burnham et al., 2006) observed a
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reduced EDHF in mesenteric arteries of ZDF rats accompanied with the impaired functional
role of SK¢,. Thus, the loss of EDHF-type relaxation observed in pre-diabetic males and
diabetic models of both sexes could in part, be attributed to the downregulation of SK¢,
expression.

Other factors that may contribute to vascular dysfunction are a reduced sensitivity to NO or
an increased responsiveness to contractile agents. In the present study, there was a rightward
shift in CRC to SNP in diabetic animals of both sexes compared with their respective
controls, suggesting that decreased sensitivity of smooth muscle to NO may;, in part,
contribute to the decreased acetylcholine-induced vasorelaxation in those groups.
Nevertheless, there was no sex difference in the SNP responses in diabetic rats, suggesting
that decreased responsiveness to NO may not play a role in the sex differences observed in
impairment of acetylcholine relaxation responses in diabetic vasculature. On the other hand,
we showed sex differences in the contractile responses to the vasoconstrictor agents in
mesenteric arteries of UCD-T2DM rats. Specifically, the sensitivity to PE was significantly
enhanced in arteries of diabetic females, but not in males. Interestingly, this is in accordance
with our previous report on the sex disparity in responses to PE in type 1 diabetes model
(Zhang et al., 2012). Previous studies have demonstrated elevated plasma levels of the ET-1
along with the enhanced expression ET-1 receptors in diet-induced metabolic syndrome and
ZDF rats (Juan et al., 1998; Wu et al., 2000). However, there is little data on the sex-specific
augmentation of contractile responses in type 2 diabetes models. Similar to the findings for
PE, we observed increased sensitivity to ET-1 in diabetic females, but not males.
Accordingly, Matsumoto et al. (Matsumoto et al., 2008) showed enhanced ET-1 responses in
mesenteric artery in the chronic stage of type 1 diabetic female mice.

Insulin resistance is an important characteristic in the pathogenesis of type 2 diabetes. In the
current study, we observed a comparable trend between vascular dysfunction and decreased
insulin sensitivity, as ISI was significantly reduced in males during the pre-diabetic stage but
was not reduced in females until the diabetic stage. This prompted us to investigate whether
a selective impairment in insulin signaling could accompany the vascular dysfunction in
those groups. Accordingly, we observed a significant decrease in p-Akt (Ser-473) in pre-
diabetic males, but not in pre-diabetic females, suggesting that preserved insulin signaling in
female arteries in the early stage (pre-diabetes) may protect them from a more severe
vascular injury. In diabetic groups, both sexes exhibited a decrease in the p-Akt level
(although the difference was not statistically significant in females). This suggests that other
factors may contribute to a greater impairment of vascular relaxation observed in diabetic
females. Insulin resistance is associated with endothelial dysfunction through several
mechanisms, such as increased production of the vasoconstrictor ET-1 (Marasciulo et al.,
2006; Schneider et al., 2000). Previous studies on experimental models of insulin resistance
revealed impaired Akt-dependent signaling in the vasculature, whereas ERK1/2 pathways
were preserved or elevated (Jiang et al., 1999; Potenza et al., 2005; Symons et al., 2009).
Insulin-mediated activation of ERK1/2 led to ET-1 production and subsequent
vasoconstriction (Hopfner et al., 1998; Wu et al., 2000). Accordingly, it has been shown that
insulin induces ERK1/2 activation in human microvascular endothelial cells (Meng et al.,
2012). Although, we did not measure the ERK1/2 or ET-1 levels in diabetic females, they
exhibited significant hyperinsulinemia along with the elevated responsiveness to ET-1,
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suggesting that activation of the ERK1/2-ET-1 axis due to high insulin may underlie vascular
dysfunction in this group.

5. Conclusions

This is a first report showing that mesenteric arterial function is impaired as early as the pre-
diabetic stage in both sexes in the UCD-T2DM rat. This study also reveals a sex disparity in
the development of arterial dysfunction in this model. It suggests that reduced insulin
sensitivity through Akt in addition to the loss of EDHF-mediated relaxation may predispose
male arteries to injury in the pre-diabetic stage. However, the predisposition of female
arteries to injury in the diabetic stage may be due to the reduced insulin sensitivity and
elevated responsiveness to contractile agents such as ET-1 in this group.
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Highlights:

This study represents the first report demonstrating impaired mesenteric arterial function
as early as the pre-diabetic stage in UC Davis Type-2 Diabetes Mellitus (UCD-T2DM)
model of both sexes. We observed a sex difference in pre-diabetic rats with a predilection
for greater impairment in mesenteric arterial function in male compared to female
animals. This suggests female sex hormones may protect pre-diabetic animals against
more severe vascular dysfunction. However, when females become diabetic, they exhibit
greater vascular dysfunction than males. This study also explored the potential
mechanisms involved in sex-specific development of mesenteric arterial dysfunction in
the pre-diabetic and diabetic stages in UCD-T2DM rats.
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Fig. 1.

Rglaxation response to cumulative concentrations of acetylcholine (ACh) in intact
mesenteric arterial rings precontracted with phenylephrine (PE, 2 uM) from control, pre-
diabetic, and diabetic female (A) and male (B) rats. Data are expressed as mean + S.E.M.
*P<0.05 between two groups analyzed using two-way ANOVA followed by Tukey’s post
hoc test.
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Fig. 2.
Effects of inhibiting cyclooxygenase, nitric oxide synthase, K;r channel, and Na*-K*-

ATPase on acetylcholine (ACh)-induced vasorelaxation in mesenteric arteries taken from
control (A), pre-diabetic (B), and diabetic (C) female rats. Acetylcholine relaxation was
measured in the presence of indomethacin (Indo; 10 uM), followed by addition of N*-nitro-
L-arginine methyl ester (L-NAME; 200 pM), and then with a combination of barium
chloride (100 pM) and ouabain (10 uM). Data are expressed as mean + S.E.M. *P<0.05 vs.
no drug; # P< 0.05 vs. indo; ~ P<0.05 vs. indo+L-NAME, analyzed using 2-way ANOVA
with repeated measures followed by Bonferroni post hoc test (n=5-8 per group). Dark grey
shaded area: Contribution of endothelium-derived hyperpolarizing factor (EDHF) to vascular
relaxation and light grey shaded area: Contribution of nitric oxide (NO) to vascular
relaxation.
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Fig. 3.
Effects of inhibiting cyclooxygenase, nitric oxide synthase, K|r channel, and Na*-K*-

ATPase on acetylcholine (ACh)-induced vasorelaxation in mesenteric arteries taken from
control (A), pre-diabetic (B), and diabetic (C) male rats. Acetylcholine relaxation was

measured in the presence of indomethacin (Indo; 10 uM), followed by addition of N™-nitro-

L-arginine methyl ester (L-NAME; 200 uM), and then with a combination of barium
chloride (100 puM) and ouabain (10 uM). Data are expressed as mean + S.E.M. *P<0.05 vs.
no drug; # P< 0.05 vs. indo; ~ P<0.05 vs. indo+L-NAME, analyzed using 2-way ANOVA

with repeated measures followed by Bonferroni post hoc test (n=6-9 per group). Dark grey

shaded area: Contribution of endothelium-derived hyperpolarizing factor (EDHF) to
vasorelaxation and light grey shaded area: Contribution of nitric oxide (NO) to
vasorelaxation.
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Fig. 4.
Real-time PCR analysis of SK¢, (Kca 2.3) mMRNA expression in mesenteric arteries from

control, pre-diabetic, and diabetic female and male rats. Data are expressed as mean +
S.E.M. Capped lines indicate significant differences between two groups (P<0.05), as
analyzed by one-way ANOVA test followed by Bonferroni’s post hoc test (n=6).

Eur J Pharmacol. Author manuscript; available in PMC 2021 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shaligram et al.

Y% Relaxation

Page 23

Female Male

+ ool 5} B ¢ o) )
# pre-diabetic gn=9) A ; # pre-diabetic (n=8) s
+ dabefic (0=6) || + diabetic (1=6) ]

% Relaxation

oo
=

100°

9 4 I 4 5 9 4 7 b 4§

Log [SNP] M Log [SNP] M

Fig. 5.
Relaxation response to cumulative concentrations of sodium nitroprusside (SNP) in intact

mesenteric arterial rings precontracted with phenylephrine (PE, 2 uM) from control, pre-
diabetic, and diabetic female (A) and male (B) rats. Data are expressed as mean + S.E.M.
*P<0.05 between two groups analyzed using two-way ANOVA followed by Tukey’s post
hoc test.
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Fig. 6.

Concentration-response curves to phenylephrine (PE) in mesenteric arteries of control, pre-
diabetic, and diabetic female (A) and male (B) rats. Data are expressed as mean + S.E.M.
*P<0.05 between two groups analyzed using two-way ANOVA followed by Tukey’s post
hoc test.
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Fig. 7.
Concentration-response curves to endothelin-1 (ET-1) in mesenteric arteries of control, pre-

diabetic, and diabetic female (A) and male (B) rats. Data are expressed as mean + S.E.M.
*P<0.05 between two groups analyzed using two-way ANOVA followed by Tukey’s post
hoc test.
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Fig. 8.

Western blot analysis of phosphorylated and total Akt protein expression in mesenteric

arteries from control, pre-diabetic, and diabetic female and male rats. Data are expressed as
mean + S.E.M. Capped lines indicate significant differences between two groups (P<0.05),
as analyzed by one-way ANOVA test followed by Sidék’s test (n=4-5).
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Fig. 9.
Real-time PCR analysis of NADPH oxidase (Nox4) mRNA expression in mesenteric arteries

from control, pre-diabetic, and diabetic female and male rats. Data are expressed as mean +
S.E.M. Capped lines indicate significant differences between two groups (P<0.05), as
analyzed by one-way ANOVA test followed by Bonferroni’s post hoc test (n=6).
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Table 2.

Sensitivity (pD5: —logECsg) and maximum response (Emax) to acetylcholine (ACh) in mesenteric arteries from
control, pre-diabetic, and diabetic rats.

Groups N pD, Emax (%0)
Control female 5 7.06+0.1 99.20+0.4
Pre-diabetic female 8 6.61+0.3 88.25+3.3¢
Diabetic female 6 2.6%0'83170 28.6715.85170
Control male 6 7.13+0.1 99+0.4
Pre-diabetic male 9 6.03+0.5 65.89+9%
Diabetic male 6 4I42i0.5ab 51.67+3.7%

Data are expressed as mean + S.E.M.
a

(vs. Control, same sex),
b A

(vs. Pre-diabetic, same sex),

c(vs. Male, respective group), P<0.05, analyzed using one-way ANOVA followed by Bonferroni’s post hoc test.
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Table 4.

Sensitivity (pDy: —logECsgp) and maximum tension (Emax) to sodium nitroprusside (SNP) in mesenteric
arteries from control, pre-diabetic, and diabetic rats.

Groups N pD, Emax (%0)

Control female 5 7.32+0.2 91+3.3

Pre-diabetic female 9 5_77i0_3a 61.78i7.0'3

b b

Diabetic female 6 378+05% 2867+75%

(2]

Control male 7.01+0.3 86.60+5.1

Pre-diabetic male 8 5.81+0.3 64.50+7.3

(2]

Diabetic male 5054027 47504457

Data are expressed as mean + S.E.M.
a
(vs. Control, same sex),

b N . .
(vs. Pre-diabetic, same sex), P<0.05, analyzed using one-way ANOVA followed by Bonferroni’s post hoc test.
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Table 5.

Page 32

Sensitivity (pD,: —logECs5p) and maximum tension (Tensionmax) to phenylep hrine (PE) in mesenteri ¢ arteries

from control, pre-diabetic, and diabetic rats.

Groups N pD, Tensionmax
Control female 5 6.26%0.1 23.99+1.9
Pre-diabetic female 9  6.48+0.1 24.97+1.6
Diabetic female 6 7t0'1abc 20.62+1.9
Control male 7  6.36x04 23.12+1.9
Pre-diabetic male 9 6.39+0.1 27.28+3.1
Diabetic male 6 6.46+0.2 23.76x1.7

Data are expressed as mean + S.E.M.
a
(vs. Control, same sex),

b N
(vs. Pre-diabetic, same sex),

c . . . .
(vs. Male in respective group), P<0.05, analyzed using one-way ANOVA followed by Bonferroni’s post hoc test.
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Table 6.

Sensitivity (pD,: —logECsp) and maximum tension (Tensionyax) to endothelin-1 (ET-1) in mesenteric arteries
from control, pre-diabetic, and diabetic rats.

Groups N pD, Tensionmax

Control female 5 8.84+0.1 21.242.0
Pre-diabetic female 9  9.06+0.2 18.43+1.2

Diabetic female 7 9.91J_r0.25b 17.59+2.0

(2]

Control male 8.8+0.2 21.78+2.0

Pre-diabetic male 9 8.76x0.2 21.72+1.9

(2]

Diabetic male 9.35+0.1 21.09+1.6

Data are expressed as mean + S.E.M.
a
(vs. Control, same sex),

b N . .
(vs. Pre-diabetic, same sex), P<0.05, analyzed using one-way ANOVA followed by Bonferroni’s post hoc test.

Eur J Pharmacol. Author manuscript; available in PMC 2021 July 15.



	Abstract
	Introduction
	Materials and Methods
	Experimental animals
	Blood and plasma analysis
	Measurement of mesenteric arterial tension
	Relaxation responses to acetylcholine
	Relaxation responses to sodium nitroprusside (SNP)
	Constrictor responses to PE or endothelin-1 (ET-1)
	Real-time polymerase chain reaction (PCR)
	Western-blot analysis
	Statistical analysis

	Results
	Pre-diabetes and diabetes alter metabolic parameters
	Pre-diabetes and diabetes alter insulin sensitivity
	Pre-diabetes impairs relaxation responses to acetylcholine more intensely in males, and diabetes impairs it more intensely in females
	Pre-diabetes and diabetes alter the relative contributions of NO and EDHF to relaxation responses to acetylcholine
	Pre-diabetes and diabetes alter mRNA expression of small-conductance calcium activated potassium channels (SKCa)
	Pre-diabetes and diabetes impair relaxation responses to SNP
	Diabetes enhances sensitivity to contractile agents in females, but not in males
	Sex and diabetic stage differentially alter intracellular pathways related to vascular function

	Discussion
	Conclusions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	Table 5.
	Table 6.



