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Abstract: Zucker fatty diabetes mellitus (ZFDM) rats harboring the missense mutation (fa) in a leptin
receptor gene have been recently established as a novel animal model of obesity and type 2 diabetes
(T2D). Here, we explored changes in cardiovascular dynamics including blood pressure and heart rate
(HR) associated with the progression of obesity and T2D, as well as pathological changes in adipose
tissue and kidney. There was no significant difference in systolic blood pressure (SBP) in ZFDM-
Leprfa/fa (Homo) compared with ZFDM-Leprfa/+ (Hetero) rats, while HR and plasma adrenaline
in Homo were significantly lower than Hetero. The mRNA expression of monocyte chemotactic
protein-1 in perirenal white adipose tissue (WAT) from Homo was significantly higher than Hetero.
Interscapular brown adipose tissue (BAT) in Homo was degenerated and whitened. The plasma
blood urea nitrogen in Homo was significantly higher than Hetero. In summary, we demonstrated
for the first time that HR and plasma adrenaline concentration but not SBP in Homo decrease with
obesity and T2D. In addition, inflammation occurs in WAT from Homo, while whitening occurs
in BAT. Further, renal function is impaired in Homo. In the future, ZFDM rats will be useful for
investigating metabolic changes associated with the progression of obesity and T2D.

Keywords: cardiovascular dynamics; sympathetic nerve activity; obesity; diabetes; adipose tis-
sue; kidney

1. Introduction

Obesity is defined as an abnormal or excessive fat accumulation that is associated with
chronic metabolic diseases, including cardiovascular diseases such as heart disease and
stroke [1]. In 2017, an epidemiological investigation using the Global Burden of Disease
Study data reported that more than 4 million people die each year from overweight and
obesity, with the highest number of deaths being cardiovascular diseases due to high body
mass index (BMI) followed by diabetes and kidney disease [2]. Type 2 diabetes (T2D) is a
metabolic disease in which blood glucose levels become chronically high due to decreased
insulin secretion and/or insulin resistance [3]. The prevalence and incidence of T2D, which
accounts for more than 90% of all diabetes cases, have been increasing worldwide in recent
years [4,5]. It is known that obesity-induced insulin resistance may cause the development
of T2D [6] and that 90% of children with T2D are obese at diagnosis [7]. Moreover, the com-
plications associated with T2D, such as nephropathy [8,9] and cardiovascular diseases [10],
are similarly observed with obesity. Therefore, they could be closely and multiply related
each other.

Animal models of obesity and T2D have contributed greatly to basic research. There
are several animal models, such as Zucker diabetic fatty (ZDF) rats [11], Otsuka Long-Evans
Tokushima fatty (OLETF) rats [12], Wistar fatty rats [13], and db/db mice [14]. Similar
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to humans, many of these animal models exhibit cardiovascular diseases associated with
obesity and diabetes [15,16].

Zucker fatty diabetes mellitus (ZFDM) rat strains have been established in 2008 from
a heterozygous colony of Zucker fatty rats harboring the missense mutation (fa) in a
leptin receptor gene [17]. ZFDM-Leprfa/fa (Homo) rats develop obesity due to overeating
caused by a dysfunction of the leptin receptor. In addition, Homo rats develop T2D from
a relatively early age (10 weeks old), reaching 100% incidence rate at around 20 weeks
old. On the other hand, ZFDM-Leprfa/+ (Hetero) rats do not develop obesity and T2D [17].
Unlike other obese and T2D model rats, Homo rats do not require high-fat diet feeding
and oral glucose tolerance test to determine diabetes. Moreover, male Homo rats but not
ZDF-Lepr(fa/fa) rats have the reproductive ability. Then, through mating female Hetero
with male Homo, there is merit in obtaining a large number of Homo pups.

In the pancreatic islets, there is a decreased insulin response to incretins, and intrinsic
vulnerability of the islets may be involved in the development of T2D in Homo rats [18].
However, changes in cardiovascular dynamics including blood pressure and heart rate (HR)
associated with the progression of obesity and T2D, and pathological changes in adipose
tissue and kidney have not been extensively examined in ZFDM rats. In the present study,
we aimed to explore them.

2. Results
2.1. The Metabolic Characteristics of ZFDM Rats

Body weight (BW) in Homo at 12–17 weeks old was significantly higher than Hetero
(Figure 1A, p < 0.01), while that in Homo was significantly lower at 35–38 weeks old
(Figure 1A, Table 1, p < 0.05 at 35 weeks old, p < 0.01 at 36–38 weeks old). Body length
in Homo was significantly lower than Hetero at 17–19 and 22–38 weeks old (Figure 1B,
Table 1, p < 0.05 at 17 weeks old, p < 0.01 at 18, 19, and 22–38 weeks old). BMI, commonly
used as an indicator of obesity [19], in Homo was significantly higher than Hetero at 17–19
and 22–38 weeks old (Figure 1C, Table 1, p < 0.01). The blood glucose level in Homo
was significantly higher than Hetero at 12, 16, and 36–38 weeks old (Figure 1D, Table 1,
p < 0.01). The plasma insulin concentration in Homo was significantly higher than Hetero
at 12 weeks old (Figure 1E, p < 0.01), while no difference was observed at 21 and 36–38
weeks old (Figure 1E). The plasma levels of triglyceride and total cholesterol in Homo at 19
and 36–38 weeks old were significantly higher than Hetero (Figure 1F,G, Table 1, p < 0.01).

Table 1. Physical and biochemical parameters in Zucker fatty diabetes mellitus (ZFDM)-Leprfa/+

(Hetero) and ZFDM-Leprfa/fa (Homo) rats at 36–38 weeks old. BW: body weight, BMI: body mass
index, SBP: systolic blood pressure, HR: heart rate, BUN: blood urea nitrogen. Results were expressed
as means ± standard error of the mean (Hetero: n = 8, Homo: n = 9). * p < 0.05, ** p < 0.01 vs. Hetero.

Hetero (n = 8) Homo (n = 9)

BW (g) 450.2 ± 8.8 389.6 ± 14.7 **
Body length (cm) 23.1 ± 0.1 20.3 ± 0.2 **

BMI (g/cm2) 0.85 ± 0.01 0.94 ± 0.03 **
Blood glucose level (mg/dL) 162.5 ± 8.2 504.3 ± 20.0 **

Triglyceride (mg/dL) 56.5 ± 8.8 681.2 ± 85.2 **
Total cholesterol (mg/dL) 90.9 ± 4.3 271.8 ± 18.7 **

Heart/BW (mg/g) 3.2 ± 0.1 3.5 ± 0.1 *
SBP (mmHg) 130.5 ± 1.9 127.4 ± 4.4
HR (b. p. m.) 393.8 ± 8.6 282.9 ± 11.2 **

Perirenal adipocytes/BW (mg/g) 13.8 ± 1.0 48.5 ± 3.5 **
Interscapular adipocytes/BW (mg/g) 1.5 ± 0.1 2.1 ± 0.3 *

Kidney/BW (mg/g) 5.8 ± 0.2 8.6 ± 0.2 **
BUN (mg/dL) 24.1 ± 0.7 27.4 ± 0.8 *

Creatinine (mg/dL) 0.65 ± 0.03 0.33 ± 0.01 **
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Figure 1. The metabolic characteristics of male Zucker fatty diabetes mellitus (ZFDM)-Leprfa/+ (Het-
ero) and ZFDM-Leprfa/fa (Homo) rats. (A) Changes in body weight (BW) of ZFDM rats at 12 (n = 10), 
13–16 (Hetero: n = 9, Homo: n = 10), 17–35 (Hetero: n = 8, Homo: n = 10), and 36–38 (Hetero: n = 8, 
Homo: n = 9) weeks old. (B,C) Changes in body length (B) and body mass index (BMI) (C) of ZFDM 
rats at 17–35 (Hetero: n = 8, Homo: n = 10) and 36–38 (Hetero: n = 8, Homo: n = 9) weeks old. BMI 
was calculated via dividing BW by body length squared. (D) Blood glucose level in ZFDM rats at 
12, 16 (Hetero: n = 9, Homo: n = 10), and 36–38 (Hetero: n = 8, Homo: n = 9) weeks old was determined 
by an enzymatic electrode method. (E) The insulin concentration in heparin (1 U/mL)-anticoagu-
lated plasma of ZFDM rats at 12, 21, and 36–38 weeks old (n = 5) was measured by a commercially 
available enzyme-linked immunosorbent assay (ELISA) kit. (F,G) The plasma triglyceride and total 
cholesterol levels of ZFDM rats at 19 and 36–38 weeks old (Hetero: n = 8, Homo: n = 10) were deter-
mined by a colorimetric method. Results were expressed as means ± standard error of the mean 
(SEM). * p < 0.05, ** p < 0.01 vs. Hetero. 
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Figure 1. The metabolic characteristics of male Zucker fatty diabetes mellitus (ZFDM)-Leprfa/+

(Hetero) and ZFDM-Leprfa/fa (Homo) rats. (A) Changes in body weight (BW) of ZFDM rats at 12
(n = 10), 13–16 (Hetero: n = 9, Homo: n = 10), 17–35 (Hetero: n = 8, Homo: n = 10), and 36–38
(Hetero: n = 8, Homo: n = 9) weeks old. (B,C) Changes in body length (B) and body mass index (BMI)
(C) of ZFDM rats at 17–35 (Hetero: n = 8, Homo: n = 10) and 36–38 (Hetero: n = 8, Homo: n = 9)
weeks old. BMI was calculated via dividing BW by body length squared. (D) Blood glucose level in
ZFDM rats at 12, 16 (Hetero: n = 9, Homo: n = 10), and 36–38 (Hetero: n = 8, Homo: n = 9) weeks
old was determined by an enzymatic electrode method. (E) The insulin concentration in heparin
(1 U/mL)-anticoagulated plasma of ZFDM rats at 12, 21, and 36–38 weeks old (n = 5) was measured
by a commercially available enzyme-linked immunosorbent assay (ELISA) kit. (F,G) The plasma
triglyceride and total cholesterol levels of ZFDM rats at 19 and 36–38 weeks old (Hetero: n = 8, Homo:
n = 10) were determined by a colorimetric method. Results were expressed as means ± standard
error of the mean (SEM). * p < 0.05, ** p < 0.01 vs. Hetero.

2.2. The Cardiovascular Dynamics of ZFDM Rats

There was almost no difference in systolic blood pressure (SBP) between Hetero and
Homo (Figure 2A, Table 1). Interestingly, HR in Homo was significantly lower than Hetero
(Figure 2B, Table 1, p < 0.01). In order to explore mechanisms of decrease in HR, we
examined the plasma adrenaline concentration. It was significantly lower in Homo than
Hetero at 15 and 25 weeks old (Figure 2C, p < 0.01 at 15 weeks old, p < 0.05 at 25 weeks old).
The heart weight in Homo at 36–38 weeks old was slightly higher than Hetero (Table 1,
p < 0.05).

2.3. Histological Analysis of Ventricles and Mesenteric Arteries from ZFDM Rats

Histological changes in ventricles and mesenteric arteries in Homo at 36–38 weeks old
were not observed compared with Hetero (Figure 3A,B,E,F). The accumulation of collagen
was not observed in the perivascular and myocardium regions of the ventricles from both
strains (Figure 3C,D). There was no significant difference in the medial wall thickness of
the mesenteric arteries among the strains (Figure 3G–I).
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Figure 2. The cardiovascular dynamics of ZFDM rats. (A,B) The systolic blood pressure (SBP) (A)
and heart rate (HR) (B) of ZFDM rats at 12 (n = 10), 13–16 (Hetero: n = 9, Homo: n = 10), 17–35
(Hetero: n = 8, Homo: n = 10), and 36–38 (Hetero: n = 8, Homo: n = 9) weeks old were measured
by a tail-cuff method under conscious condition. (C) The adrenaline concentration in heparin (1
U/mL)-anticoagulated plasma of ZFDM rats at 15 and 25 weeks old (n = 5) was measured by a
commercially available ELISA kit. Results were expressed as means ± SEM. * p < 0.05, ** p < 0.01
vs. Hetero.
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(HE)-stained sections for ventricles. (C,D) Representative picrosirius red stained sections (4 μm) for 
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HE-stained sections for mesenteric arteries. (I) Medial wall thickness of the mesenteric arteries was 
calculated and shown as means ± SEM. Scale bar: 2 μm (A,C), 100 μm (E), and 50 μm (G). Arrow: 
medial wall of the artery. 
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Figure 3. Histological analysis of ventricles and mesenteric arteries from ZFDM rats. Thin sections
(4 µm) were made from paraffin-embedded isolated ventricles and mesenteric arteries from ZFDM
rats at 36–38 weeks old (Hetero: n = 8, Homo: n = 9). (A,B) Representative hematoxylin and eosin
(HE)-stained sections for ventricles. (C,D) Representative picrosirius red stained sections (4 µm) for
ventricles. Collagen was stained in red, and cytoplasm was stained in yellow. (E–H) Representative
HE-stained sections for mesenteric arteries. (I) Medial wall thickness of the mesenteric arteries was
calculated and shown as means ± SEM. Scale bar: 2 µm (A,C), 100 µm (E), and 50 µm (G). Arrow:
medial wall of the artery.
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2.4. Histology and mRNA Expression in Adipocytes from ZFDM Rats

The adipocyte hypertrophy was not observed in perirenal white adipose tissue (WAT)
from Hetero and Homo (Figure 4A,B). On the other hand, the weight of WAT in Homo
at 36–38 weeks old was significantly higher than Hetero (Table 1, p < 0.01). The mRNA
expression level of monocyte chemotactic protein (MCP)-1, a mediator of inflammation [20],
in WAT from Homo was significantly higher than Hetero (Figure 4C, p < 0.05). There was
no significant difference in the mRNA expression level of adiponectin, which is exclusively
released from WAT [21] (Figure 4C). Interscapular brown adipose tissue (BAT) in Homo
contained a large droplet like WAT but not a small lipid droplet (normally contained in
BAT) compared with Hetero (Figure 4D,E). Uncoupling protein (UCP)-1 and peroxisome-
proliferator-activated receptor γ coactivator-1α (PGC-1α) are highly expressed in BAT [22].
The mRNA expression levels of UCP-1 and PGC-1α in interscapular adipocytes from Homo
were significantly lower than Hetero (Figure 4F, p < 0.01 in UCP-1; p < 0.05 in PGC-1α).
We confirmed that the protein level of UCP-1 in interscapular adipocytes was lower in
Homo than Hetero (data not shown, n = 5). On the other hand, the mRNA expression level
of adiponectin (a WAT marker) in interscapular adipocytes from Homo was significantly
higher than Hetero (Figure 4F, p < 0.05). The weight of interscapular adipocytes in Homo at
36–38 weeks old was significantly higher than Hetero (Table 1, p < 0.05).
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Figure 4. Morphology and mRNA expression in white adipose tissue (WAT) and brown adipose
tissue (BAT). Thin sections (10 µm) were made from paraffin-embedded isolated perirenal adipocytes
(WAT) and interscapular adipocytes (BAT) from ZFDM rats at 36–38 weeks old (Hetero: n = 8,
Homo: n = 9). (A,B) Representative HE-stained sections for WAT. (C) The mRNA expression
levels of monocyte chemotactic protein (MCP)-1 and adiponectin in WAT were measured by a
reverse transcription quantitative polymerase chain reaction (RT-qPCR). The data normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA was shown as fold increase relative to
Hetero and expressed as means ± SEM. (D,E) Representative HE-stained sections for BAT. (F) The
mRNA expression levels of uncoupling protein (UCP)-1, peroxisome-proliferator-activated receptor γ
coactivator-1α (PGC-1α), and adiponectin in BAT were measured by RT-qPCR. The data normalized
to GAPDH mRNA was shown as fold increase relative to Hetero and expressed as means ± SEM.
Scale bar: 200 µm (A,D). * p < 0.05, ** p < 0.01 vs. Hetero.
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2.5. Changes in Weight and Biochemical Characteristics of Kidney from ZFDM Rats

The kidney weight in Homo at 36–38 weeks old was significantly higher than Hetero
(Table 1, p < 0.01). The plasma level of blood urea nitrogen (BUN) in Homo at 36–38 weeks
old was significantly higher than Hetero (Table 1, p < 0.05), while that of creatinine in Homo
at 36–38 weeks old was significantly lower than Hetero (Table 1, p < 0.01).

3. Discussion

In this study, we investigated the cardiovascular dynamics and the changes in adipose
tissues (WAT and BAT) and kidneys associated with the progression of obesity and T2D in
ZFDM rats. The major findings of the present study were as follows: (1) BMI and blood
glucose level in Homo were higher than Hetero at 17–38 weeks old (Figure 1C,D). Com-
pared with Hetero, the plasma insulin concentration in Homo was significantly higher at 12
weeks old, while it was not different at 21 and 36–38 weeks old (Figure 1E). (2) There was
no difference in SBP between Hetero and Homo, while HR and plasma adrenaline concen-
tration in Homo were significantly lower than Hetero (Figure 2). No pathological changes
were observed in the morphology of the ventricles and mesenteric arteries (Figure 3). (3)
The weight of WAT (Table 1) and the mRNA expression level of MCP-1 (Figure 4C) in
Homo were significantly higher than Hetero. The weight of adipocytes isolated from the
interscapular area (normally BAT) in Homo was higher than Hetero (Table 1), and they
contained a large droplet like WAT (Figure 4D,E). In addition, the mRNA expression level
of UCP-1 and PGC-1α in Homo was lower, while that of adiponectin was significantly
higher than Hetero (Figure 4F). (4) The plasma level of BUN in Homo was significantly
higher, while that of creatinine was significantly lower than Hetero (Table 1). Collectively,
the present study demonstrated for the first time that HR but not SBP in Homo decreases
with obesity and T2D, perhaps due to a decrease in sympathetic nerve activity. In addition,
inflammation of WAT, whitening of BAT, and impairment of renal function were observed
in Homo.

In the present study, we confirmed that BW (Figure 1A), body length (Figure 1B),
BMI (Figure 1C), the blood glucose level (Figure 1D), and the plasma levels of triglyceride
(Figure 1F) and cholesterol (Figure 1G) in ZFDM rats (up to 21 weeks old) were almost
same as those reported in the previous study [17]. On the other hand, the difference in
BW between Hetero and Homo decreased after 21 weeks old, which was reversed after
they were 35 weeks old. However, the BMI in Homo remained consistently higher than
Hetero until they were 36–38 weeks old. The blood glucose level in Homo at 36–38 weeks
old was also higher than Hetero. Therefore, it was newly confirmed that Homo was obese
and hyperglycemic after 21 weeks of age. The plasma insulin concentration in Homo was
significantly higher than Hetero at 12 weeks old, while it was not different at 21 and 36–38
weeks old (Figure 1E). Therefore, it is assumed that insulin secretion decreased in Homo
after 12 weeks of age. It was reported that pancreatic islet atrophy was observed in Homo
after the age of 12 weeks old [18], which we confirmed in Homo at 36–38 weeks old (Figure
S2, see Supplementary Materials).

In the present study, the plasma adrenaline concentration (referred to as sympathetic
nerve activity) [23] in Homo was significantly lower than Hetero (Figure 2C). The blood
pressure of leptin-overexpressed mice was elevated by the increase in sympathetic nerve
activity [24]. Further, microinjection of leptin into the arcuate nucleus of brain activated
sympathetic nerve activity in SD rats [25]. ZFDM rats have a missense mutation in Lepr
gene [17] that caused the impaired signal transduction mediated by leptin receptor [26].
Then, it is suggested that the impairment of leptin receptor signal in the brain would
mediate the decrease in sympathetic nerve activity in Homo. The decrease in the plasma
adrenaline concentration in Homo (Figure 2C) may mediate the decrease in SBP as well
as HR. However, there was no difference in SBP between Hetero and Homo (Figure 2A),
nor was there any thickening of the vessels associated with the changes in blood pressure
(Figure 3E–I). Further research focusing on vascular reactivity that affects peripheral blood
pressure is needed to explore the reason for this discrepancy.
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Diabetes increases the risk of cardiomyopathy [27]. As shown in Figure 3A–D, how-
ever, hypertrophy and fibrosis were not observed in the hearts from Homo rats. Diabetic
cardiomyopathy is a pathological condition of heart failure characterized by hypertrophy
and fibrosis of the heart [27]. Therefore, it seems unlikely that ZFDM rats would exhibit
diabetic cardiomyopathy. In the electrocardiogram analysis, the pathological changes
except for the decrease in heart rate of Homo (Table S1) were not observed, supporting
this idea.

Cardiac dysfunction is often observed in human T2D patients at later stages [27]. In
this regard, comparison to other existing T2D models and limitation of ZFDM rats as
a model for T2D cardiac complication should be noted. Although ejection fraction (EF)
in ZDF rats at 14 weeks old seemed to be lower than control lean rats, it is suggested
that certain correlation did not exist between diabetes and impaired cardiac function [16].
Another report demonstrated in ZDF rats that fractional shortening and EF were rather
increased with the existence of cardiomyocyte hypertrophy at 19 weeks old, indicating that
the cardiac dysfunction was not obvious [28]. Further, dysfunction of the left ventricles
including impaired EF was not observed in ZDF rats at 37 weeks old [29]. Perivascular
and interstitial fibrosis in the ventricles was observed in OLETF rats, another obese and
T2D model, while there was no significant difference in heart function between OLETF
rats and control Long-Evans Tokushima Otsuka rats at 40 [30] and 62 [15] weeks old. In
addition, although HR of diabetic Goto-Kakizaki (GK) rats was decreased compared with
non-diabetic control Wistar rats [31], the heart function was normal [32]. Although we
did not perform the detailed functional analysis using echocardiography, hypertrophy
and fibrosis were not observed in the hearts from Homo rats (Figure 3A–D), suggesting
that ZFDM rat model might not exactly reflect the cardiac complications observed in
human T2D patients at later stages. On the other hand, it is demonstrated that heart failure
induced by coronary artery ligation was exacerbated in GK rats compared with Wistar
Kyoto rats [32]. Then, the diabetic cardiomyopathy with cardiac dysfunction could be
induced by the additional treatment in ZFDM rats.

In human obesity, chronic inflammation, fibrosis [33], hypertrophy, and proliferation
of adipocytes [34] are observed in WAT. In the present study, there was no adipocyte
hypertrophy in the perirenal WAT in Homo compared with Hetero (Figure 4A,B), while
the mRNA expression level of MCP-1, a mediator of WAT inflammation, in Homo was
significantly higher than Hetero (Figure 4C). It is thus suggested that inflammation occurred
in WAT from Homo with obesity, which may mediate the insulin resistance. Adipocytes
isolated from interscapular area (normally BAT) in Homo contained a large droplet like
WAT but not a small lipid droplet (normally contained in BAT) compared with Hetero
(Figure 4D,E). Similar to the present results, BAT in db/db mice, which are also leptin
receptor-deficient strains, contained a large droplet like WAT [35]. The mRNA expression
level of UCP-1 and PGC-1α was significantly lower, while that of adiponectin (normally
released by WAT) was significantly higher in adipocytes isolated from interscapular area in
Homo compared with Hetero (Figure 4F). Since UCP-1 [22] and PGC-1α [36] are the BAT-
specific marker proteins, it is suggested that the adipocytes isolated from the interscapular
area in Homo degenerated and were replaced by WAT. It is widely known that BAT is a
thermogenic organ [37]. It is also known that BAT is involved in the homeostasis of glucose
metabolism, since it was reported that BAT-positive humans consume more whole-body
glucose after insulin administration than BAT-negative humans [38]. Thus, in Homo, the
degeneration of BAT and its replacement by WAT may cause insulin resistance, exacerbating
the pathogenesis of diabetes.

The kidney disease is another major complication of diabetes [39]. Glomerulopathy,
tubulointerstitial fibrosis, and infiltration of inflammatory cells were observed in human
T2D patients [39]. In the present study, the weight of kidney in Homo at 36–38 weeks old
was significantly higher than Hetero (Table 1). The plasma level of BUN in Homo was
significantly higher than Hetero (Table 1). It was reported that ZDF rats at 8 months old
showed similarly elevated BUN level and severely impaired renal function [40]. In ZDF
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rats, the damage to glomerulus was occurring from 20 weeks old [41] and the tubulointer-
stitial fibrosis occurred at 21 weeks old [42]. In OLETF rats, the mesangial expansion was
occurring from 22 weeks old and the glomerular sclerosis occurred at 46 weeks old [43].
Further, it is demonstrated that the tubular basement membrane was impaired in OLETF
rats at 62 weeks old [44]. Several features of kidney injuries including the necrosis-like
morphology in proximal tubule and the tubulointerstitial fibrosis were observed in Homo
at 36–38 weeks old (Figure S1). These results suggest that the impairment of renal func-
tion might occur in Homo rats, while further investigations including renal function and
characterizations at molecular levels are required. We also showed that the plasma level of
creatinine in Homo was significantly lower than Hetero (Table 1). Human diabetes patients
also showed lower plasma level of creatinine due to a lower muscle mass [45]. Therefore,
the muscle mass loss associated with the diabetes may occur in Homo as it did in humans.
In the present study, after 25 weeks of age, when the pathogenesis of diabetes was more
advanced, the BW in Homo was lower than Hetero, suggesting that muscle mass loss was
occurring in Homo.

In conclusion, we demonstrated for the first time that HR but not SBP in Homo
decreases with obesity and T2D, perhaps due to a decrease in sympathetic nerve activity.
In addition, we demonstrated that inflammation occurs in the WAT from Homo, while
the whitening occurs in BAT. Further, renal function is impaired in Homo. In the future,
ZFDM rats will be useful not only as a model for obesity and T2D, but also for investigating
changes in cardiovascular dynamics, adipocytes, and kidney function associated with the
progression of obesity and T2D.

4. Materials and Methods
4.1. Animals

All animal studies were approved by the President of the Kitasato University through
the judgment by Institutional Animal Care and Use Committee of the Kitasato University
(Approval No. 20-004). Male ZFDM rats (Hoshino Laboratory Animals, Ibaraki, Japan) at
12–38 weeks old were cared in accordance with the institutional guideline for animal care
and treatment. After all the measurements were performed, the rats were euthanized by
exsanguination under deep urethane (1.5 g/kg, i.p.) anesthesia. Then, the heart, kidney,
WAT, BAT, and superior mesenteric artery were isolated from 36–38 weeks old ZFDM
rats (Hetero: n = 8, Homo: n = 9). They were immediately frozen with a liquid nitrogen
and preserved at −80 ◦C for reverse transcription quantitative polymerase chain reaction
(RT-qPCR) analysis, or fixed with 4% paraformaldehyde for a histological analysis.

4.2. Calculation of BMI

We measured BW of ZFDM rats at 12 (n = 10), 13–16 (Hetero: n = 9, Homo: n = 10),
17–35 (Hetero: n = 8, Homo: n = 10), and 36–38 (Hetero: n = 8, Homo: n = 9) weeks old. The
body length of ZFDM rats was measured at 17–35 (Hetero: n = 8, Homo: n = 10) and 36–38
(Hetero: n = 8, Homo: n = 9) weeks old once a week. The BMI was calculated via dividing
BW by body length squared [46].

4.3. Blood Glucose Measurement

Blood glucose level was determined using One touch ultra (Johnson and Johnson,
Tokyo, Japan), following the manufacturer’s instructions. The blood was collected from tail
vein of ZFDM rats at 12 (n = 10), 16 (Hetero: n = 9, Homo: n = 10), and 36–38 (Hetero: n = 8,
Homo: n = 9) weeks old under a conscious condition.

4.4. Plasma Insulin, Triglyceride, Total Cholesterol, BUN, and Creatinine Measurements

The blood was drawn via a tail vein of ZFDM rats at 12, 19, and 21 weeks old under a
conscious condition, or via a posterior vena cava of urethane (1.5 g/kg, i. p.)-anesthetized
ZFDM rats at 36–38 weeks old. The collected blood was mixed with heparin (final concen-
tration of 1 U/mL) and centrifuged (1000× g, 10 min, room temperature). The supernatant
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was collected as plasma sample. The insulin concentration in plasma of ZFDM rats at 12,
21, and 36–38 weeks old (n = 5) was measured by a LBIS Rat-T Insulin enzyme-linked
immunosorbent assay (ELISA) kit (Fuji Film Wako, Osaka, Japan), following the manufac-
turer’s instructions. The triglyceride, total cholesterol, BUN, and creatinine concentrations
in plasma of ZFDM rats at 19 (Hetero: n = 8, Homo: n = 10) and/or 36–38 (Hetero: n = 8,
Homo: n = 9) weeks old were measured using a Dimension RxL Max Integrated Chem-
istry System (Siemens Healthineers, Erlangen, Germany), following the manufacturer’s
instructions [47].

4.5. Measurement of SBP and HR

We measured SBP and HR of ZFDM rats at 12 (n = 10), 13–16 (Hetero: n = 9, Homo:
n = 10), 17–35 (Hetero: n = 8, Homo: n = 10), and 36–38 (Hetero: n = 8, Homo: n = 9) weeks
old by a tail-cuff system (BP-98AL; Softron, Tokyo, Japan) under conscious condition as
described previously [48].

4.6. Plasma Adrenaline Measurement

The adrenaline concentration in plasma of ZFDM rats at 15 and 25 weeks old (n = 5)
was measured using an Epinephrine/Norepinephrine ELISA kit (KA1877; Abnova, Taipei,
Taiwan), following the manufacturer’s instructions.

4.7. Histological Analysis

Ventricles, mesenteric arteries, WAT, and BAT from ZFDM rats at 36–38 weeks old fixed
with 4% paraformaldehyde in phosphate buffer were embedded in pathoprep 568 (Fuji
Film Wako, Osaka, Japan) and sectioned (ventricles and mesenteric artery in 4 µm, WAT
and BAT in 10 µm). Hematoxylin and eosin (HE) or Picrosirius red staining was performed
as described previously [48]. The images were obtained using a light microscope (BX-51;
OLYMPUS, Tokyo, Japan) equipped with a microscope digital camera (DP74; OLYMPUS,
Tokyo, Japan).

4.8. RT-qPCR Analysis

qPCR was performed using THUNDERBIRD SYBR qPCR MIX (TOYOBO, Osaka,
Japan) as described previously [49]. WAT and BAT from ZFDM rats at 36–38 weeks old
were homogenized by using a prechilled mortar and pestle in liquid nitrogen. Total RNA
was extracted from the homogenized tissues using TRI Reagent (Cosmo Bio Co., Tokyo,
Japan). The cDNA was obtained from the total RNA using ReverTra Ace qPCR RT Master
Mix with a gDNA Remover (TOYOBO, Osaka, Japan). After initial activation at 95 ◦C (1
min), the amplification was run for 50 cycles in MCP-1, UCP-1, PGC-1α, adiponectin, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) at 95 ◦C (15 s), 60 ◦C (30 s), and
60 ◦C (30 s). The primer sequences were shown in Table 2. The mRNA expression level
to GAPDH was calculated from cycle threshold (Cq) value by a ∆∆Cq method and was
shown as fold increase relative to Hetero.

4.9. Statistical Analysis

Data were shown as mean ±means ± standard error of the mean (SEM). Statistical
evaluations were performed by Student’s t-test. A value of p < 0.05 was considered
statistically significant.
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Table 2. Primer sequences for quantitative polymerase chain reaction. MCP-1: monocyte chemo-
tactic protein-1, UCP-1: uncoupling proein-1, PGC-1α: peroxisome proliferator activated receptor γ
coactivator-1α, GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

Products Primer Sequences Accession Number

MCP-1
Reverse 5′-CCAATGAGTCGGCTGGAGAACT-3′

NM_031530.1Forward 5′-AGTGCTTGAGGTGGTTGTGGAA-3′

UCP-1
Reverse 5′-GCCTCTACGATACGGTCCAA-3′

NM_012682.2Forward 5′-CTGACCTTCACCACCTCTGT-3′

PGC-1α
Reverse 5′-ACCCACAGGATCAGAACAAACC-3′

NM_031347.1Forward 5′-GACAAATGCTCTTTGCTTTATTGC-3′

Adiponectin Reverse 5′-GAAGGGAGACGCAGGTGTTC-3′
NM_144744.3Forward 5′-GGGAACATTGGGGACAGTGA-3′

GAPDH
Reverse 5′-GAAGACGCCAGTAGACTCCA-3′

NM_017008.4Forward 5′-GAGAATGGGAAGCTGGTCAT-3′

Supplementary Materials: The following supporting information can be downloaded at: https:
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