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ABSTRACT. The aim of this study is to examine 1) muscle fiber type composition, 2) myofiber

J. Vet. Med. Sci. diameter, and 3) aquaporin (AQP) 7 and AQP 9 mRNA expressions by quantitative PCR in muscles
83(7): 1155-1160, 2021 of obese db/db mice. The myofiber type composition of skeletal muscle was not statistically

. . significantly different between db/db mice and control mice; while the average myofiber diameter
doi: 10.1292/jvms.20-0470 ratio showed a decrease in db/db mice. The expression of AQP7 but not AQP9 mRNA in the

skeletal and cardiac muscles was significantly upregulated in db/db mice. Thus this study revealed
quantitatively that type 2 myofiber atrophy was shown in the skeletal muscles of db/db mice. AQP7
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Skeletal muscle is composed of about 42 percent of the average human body mass and the total muscle mass including cardiac
and smooth muscles are about 45 percent in total [24]. The next most abundant tissue, the adipose tissue, is normally composed
of about 18 percent of the total body mass [24]. So glucose and lipid metabolism in skeletal muscle cells is very important in the
energy production [24]. Obesity significantly reduces metabolism in skeletal muscle cells, inducing a state of insulin resistance [26].

Insulin resistance accelerates muscle protein degradation by activation of the muscle cell ubiquitin-proteasome pathway and
this is a defect of intracellular signaling in muscle cells [29, 37]. These phenomena lead to an atrophy of skeletal muscles and the
dysfunction of muscle cells [37].

The impairment of skeletal muscle function is caused by many diseases of skeletal muscles such as muscular dystrophies,
polymyositis, dermatomyositis, neurogenic amyotrophy and so on. However, knowledge of the muscle pathology in the obese
animals is relatively limited.

With regard to myopathology of obese animals, several groups of investigators reported that the insulin resistance and obesity
are associated with the relative increases in the proportion of glycolytic fast twitch type 2 myofibers and decreases in the
proportion of oxidative slow twitch type 1 myofibers [1, 10, 17, 18]. Among these investigators, two groups showed the increased
proportion of type 2b myofibers [10, 18], whereas, another group showed an increase of type 2a myofibers [17]. Kempen et al. [15]
reported no change in myofiber type proportion in obese women. On the other hand, Warmington et al. [38] showed that myofiber
type proportions display a slower type profile in the obese 0b/ob skeletal muscle. Therefore, with regard to the myopathology of
the obese skeletal muscle, consistent myopathological findings have not yet been determined so far.

Myofiber types are usually determined by the use of histochemistry, however, the HE stained muscle samples of cryosections of
non-fixed frozen muscle are also available for this aim [7]. Thus, in this study, by using HE stained non-fixed muscle sections, the
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histopathology of skeletal muscles in leptin-receptor mutated obese db/db mice was investigated.

An increase in lipid content has been reported in the skeletal muscle cells of obese animals [14, 23, 28, 32, 33]. The increased
lipid content, such as triglycerides, in the skeletal and / or cardiac muscle cells is synthesized with glycerol and fatty acids in the
muscle cells. Aquaporin (AQP) 7 and AQP9 are aquaglyceroporins present in the muscle cell plasma membrane and transport the
glycerol as well as water molecules [2, 11, 34]. Among these aquaporins, AQP7 is now implicated as a central agent in controlling
fat metabolism [9]. An initial hypothesis was therefore that the expression of AQP7 and AQP9 at the muscle cell membrane may
be upregulated in the obese db/db mice. To test this hypothesis, the expression of AQP7 and AQP9 mRNAs was measured using
quantitative PCR in the skeletal and cardiac muscles of obese db/db and lean control mice.

Male leptin receptor mutant (db/db) mice on a C57BL/6 background, along with wild type C57BL/6 mice were obtained from
Sankyo Laboratory Service Corp. (Tokyo, Japan). To avoid potential gender-specific differences, male mice only were used because
of the relatively homogeneous metabolic phenotype of males compared with that of females in the db/db mice. The db/db mice and
wildtype C57BL/6 mice were fed with standard chow diet (PMI LabDiet #5058, St. Louis, MO, USA) starting at 7 weeks of age
and continuing for 12 weeks. Eight obese db/db mice and 8§ ages matched lean wild mice at five months of age were sacrificed by
cervical dislocation and the quadriceps femoris and cardiac muscles were excised from each mouse. Immediately after excision, the
muscle samples were frozen in isopentane cooled with liquid nitrogen. Among these samples, the skeletal muscles of 4 db/db and 4
lean control mice were cut into 6-pm thick cross sections by using cryostat. Further, the skeletal and cardiac muscles from 8 db/db
and 8 lean mice were processed for quantitative real time RT-PCR analysis.

Experimental protocols were approved and followed by the Institutional Animal Care and Use Committee of Showa University
(Permit Number: 57022, 58016 and 59017), which operates in accordance with the Japanese Government for the care and use of
laboratory animals.

Frozen 6 pm thick cross-sections of the skeletal muscles were placed on slide glasses and stained with hematoxylin and eosin
(HE). The HE stained muscle samples were examined and photographed at random by Nikon H550L microscope. The fiber type
composition was examined at least in 100 myofibers in each mouse and was expressed as a ratio of type 1 fiber number versus type
2 fiber number (type 2 / type 1) in each mouse. Furthermore, the myofiber diameter and myofiber diameter ratio of type 1 versus
type 2 (type 2 / type 1) was calculated by comparing total diameters of 50 type 1 and 50 type 2 myofibers, respectively, in each
mouse. Analyses were done in the photographs enlarged to x 500. In the measurement of myofiber diameter, the shortest diameter
of each myofiber was measured in this study. The photographs both from 4 db/db mice and 4 control lean mice were coded and
mixed, and were analyzed using a single blind method. After finishing all analyses, the photographs were decoded and statistically
compared in two groups.

The HE stained cross-sections of the frozen quadriceps femoris muscle samples of normal control mouse showed the slight
variation of myofiber diameter. The myofibers with a greater diameter usually have slightly lighter myocellular sarcoplasmic
coloring (type 2 fibers) (Fig. 1A). Dubowitz and Brooke [7] described that the type 1 fibers are usually characterized by slightly
darker background coloring (Fig. 1A). On the other hand, the HE stained quadriceps femoris muscle sections of obese db/db mouse
revealed a more marked variation of myofiber diameter (Fig. 1B) than that seen in the control lean mouse (Fig. 1A). The myofibers
with brighter myocellular sarcoplasmic coloring displayed a more pronounced variation of myofiber size (Fig. 1B). Furthermore
both fiber types in Fig. 1B seem to have either a) invaginations of the plasma membrane or b) internal vacuoles or c) lipid droplets.
With regard to the myofiber type composition of the obese db/db mouse, it appeared to be similar to that seen in the control lean
mouse (Fig. 1A, 1B).

Throughout this study including the histopathological analysis of this study, data were presented as group mean + standard error
of the mean (S.E.). The difference between db/db mouse group and wild mouse group was evaluated using two-tailed #-test. A
P-value less than 0.05 was considered to be statistically significant.

The myofiber type composition with regard to the type 2 versus type 1 myofibers, the group mean ratio = S.E. was 1.97 + 0.21
in the db/db mouse group and was 2.21 + 0.25 in the control lean mouse group, respectively. The differences between these values
were not statistically significant (P=0.494) (Table 1).

With regard to the type 1 myofiber diameter (um), the group mean + S.E. was 19.1 + 0.3 in the db/db mouse group and was 23.3
+ 2.5 in the control lean mouse group, respectively (P=0.141); while in type 2 myofiber diameter (um), it was 28.2 £+ 0.9 in the db/db
mouse group and 40.4 + 3.6 in the control mouse group, respectively (P=0.016) (Table 2).

The myofiber diameter ratio with regard to the type 2 versus type 1 myofibers, the group mean ratio + S.E. was 1.48 + 0.03 in the
db/db mouse group and was 1.75 £ 0.09 in the control lean mouse group, respectively. The smaller type 2 fiber diameter in db/db
mouse group was shown in this study (P=0.034) (Table 3).

Total RNA was extracted from each muscle sample of 8 obese db/db mice and 8 lean wild mice using TRIzol (Invitrogen,
Carlsbad, CA, USA). Concentrations of mouse AQP7and AQP9 mRNAs contents were estimated by quantitative PCR (QPCR).
First-strand cDNA was synthesized using AffinityScript QPCR ¢cDNA Synthesis Kit (Agilent Technologies, Santa Clara, CA,

USA) and 100 ng of extracted total RNA. Oligonucleotide primer sets were designed from mouse AQP7 [Mus musculus AQP7,
MA101958, TaKaRa, Kusatsu, Japan], mouse AQP9 [Mus musculus AQP9, MA117402, TaKaRa], sequences: mouse AQP7 mRNA:
sense strand, 5'-TGGGTTTTGGATTCGGAGT-3’; antisense strand, 5'-TGTTCTTCTTGTCGGTGATGG-3'; and the mouse AQP9
mRNA: sense strand, 5'-CTCAACTCTGGTTGTGCCATGAA-3'; antisense strand, 5'-ATCATAGGGCCCACGACAGGTA-3'.

To compensate for differences in RNA quality or RT efficacy, expression of mouse glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA was measured in each muscle sample, although the election of the endogenous control genes in obese

and diabetic models is not easy [6]. Oligonucleotide primers for GAPDH mRNA were designed as follows: sense strand,
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Fig. 1. Hematoxylin and eosin (HE) staining of the quadriceps
femoris muscle of lean wild mouse (A) and obese db/db mouse
(B). In wild mouse muscle (A), the scattered myofibers (ar-
rows) with slightly darker sarcoplasmic appearance which cor-
respond to type 1 myofibers are seen. In the db/db muscle (B),
frequent occurrence of myofibers (arrows) with slightly darker
sarcoplasmic background and numerous myofibers with brighter
sarcoplasmic appearance are noted. The myofibers with slightly
brighter sarcoplasmic appearance show the slightly smaller
diameter. Furthermore both fiber types in Fig. 1B seem to have
either a) invaginations of the plasma membrane or b) internal
vacuoles or ¢) lipid droplets. Bar in A and B=50 pm.

5-TGTGTCCGTCGTGGATCTGA-3'; antisense strand,
5'-CCTGCTTCACCACCTTCTTGAT-3'.

Each primer set for the measurement of mouse AQP7,
mouse AQP9 and mouse GAPDH mRNA levels was mixed
with the respective cDNA using SYBR Prime Script RT-PCR
Kit II (TaKaRa). Real-time PCR was performed on an ABI
Prism 7900 sequence detection system (Applied Biosystems,
Foster, CA, USA) with thermocycler conditions including
initial denaturation at 95°C for 30 sec followed by 45 cycles
at 95°C for 5 sec, 60°C for 1 min with dissociative reaction
of PCR products from 65°C to 95°C. Threshold cycle was
calculated using the Sequence Detector Systems version
(Applied Biosystems) by determining the cycle number.
Mouse AQP7 and AQP9 mRNAs expressions were calculated
using the standard curve method normalizing with that of
mouse GAPDH mRNA internal control. Total RNAs from
muscle samples of 8 db/db mice and 8 wild mice were
analyzed in duplicate by using this method and the mean was
calculated in each muscle sample.

The standard curve method was used for gene expression
analysis. Two-fold dilutions of a reverse transcription product
(cDNA) from a control group are used to construct a standard
curve. The units could be the dilution values 1, 0.5, 0.25 and
0.125. The standard curves for the quantification of mouse
AQP7 and AQP9 mRNAs was linear across 4 to 5 log ranges
of RNA concentration. Correlation coefficients were 0.9852
and 0.9345 for mouse skeletal and cardiac muscle AQP7
mRNA, 0.9277 and 0.9345 for mouse skeletal and cardiac
muscle AQP9 mRNA, respectively, and 0.9993 and 0.9853
for mouse skeletal and cardiac muscle GAPDH mRNA,
respectively. Group mean ratios = S.E. of mouse AQP7 mRNA
copy number versus GAPDH mRNA copy number were
320.3 + 72.0 and 100.0 + 23.5 in the skeletal muscles of 8
obese db/db mice and 8 lean wild mice, respectively. These
two ratios were statistically significantly different (P=0.011
two tailed t-test) (Table 4). The group mean rations + S.E. of
mouse AQP9 mRNA copy number versus GAPDH mRNA
copy number were 111.2 + 27.8 and 100.0 £ 16.2 in the
skeletal muscles of 8 obese db/db mice and 8 lean wild mice,
respectively. These two ratios were statistically non significant
(P=0.734 two tailed #-test) (Table 5). On the contrary, the

Table 1. Myofiber type composition in obese db/db mice and lean control mice

Myofiber type ratio (type 2/type 1)

Group mean + S.E. P

db/db mouse group (n=4) 1.97+0.21 0.494*

Control mouse group (n=4) 221+0.25

*P=0.494 by two tailed ¢ test. S.E.: standard error.
Table 2. Myofiber diameter in obese db/db mice and lean control mice

Type 1 fiber diameter Type 2 fiber diameter P
Group mean = S.E. (um) Group mean + S.E. (um)

db/db mouse group (n=4) 19.1£0.3 0.141%* 28.2+0.9 0.016**
Control mouse group (n=4) 233+£25 40.4+3.6

*P=0.141 by two tailed ¢ test. **P=0.016 by two tailed 7 test. S.E.: standard error.
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Table 3. Myofiber diameter ratio in obese db/db mice and lean control mice

Myofiber diameter ratio (type 2/type 1)
Group mean + S.E.

db/db mouse group (n=4) 1.48 +£0.03 0.034*
Control mouse group (n=4) 1.75+0.09

P

*P=0.034 by two tailed r-test. S.E.: standard error.

Table 4. Expression of aquaporin (AQP) 7 mRNA in the skeletal and cardiac muscles of the
obese db/db mice and lean control mice

AQP7 mRNA expression ratio (AQP7/GAPDH)"

Skeletal muscle 2 Cardiac muscle 2
db/db mouse group (n=8) 320.3 +72.0* 0.011 214.1 +£44.8* 0.047
Control mouse group (n=8) 100.0 £ 23.5 100.0 £27.2

*Group mean =+ standard error of the mean. P values were calculated by two-tailed ¢ test. “Mouse AQP7
mRNA copy number / mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA copy number.

Table 5. Expression of aquaporin (AQP) 9 mRNA in the skeletal and cardiac muscles of the
obese db/db mice and lean control mice

AQP9 mRNA expression ratio (AQP9/GAPDH)"

Skeletal muscle P Cardiac muscle P
db/db mouse garoup (n=8) 111.2 £27.8% 0.734 80.6 + 14.5% 0.454
Control mouse group (n=8) 100.0 £ 16.2 100.0 £ 20.6

*Group mean + standard error. P values were calculated by two-tailed t-test. “Mouse AQP9 mRNA copy
number / mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA copy number.

Table 6. CT values of glyceraldehyde 3-phosphate dehydrogenase for obese db/db mice and
lean control mice

Skeletal muscle P Cardiac muscle P
db/db mouse group (n=8) 16.02 + 0.14* 0.616 16.60 + 0.34* 0.905
Control mouse group (n=8) 16.23 £0.37 16.55+0.32

*Group mean + standard error. P values were calculated by two-tailed ¢ test.

group mean ratios + S.E. of mouse cardiac muscle AQP7 mRNA copy number versus GAPDH mRNA copy number in the 8

obese db/db mice and 8 lean wild mice were 214.1 = 44.8 and 100.0 + 27.2, respectively. The differences of these ratios were also
statistically significant (P=0.047 two tailed ¢ test) (Table 4). The group mean ratios = S.E. of mouse cardiac muscle AQP9 mRNA
copy number versus GAPDH mRNA copy number were 80.6 = 14.5 and 100.0 + 20.6 in the 8 obese db/db mice and 8§ lean control
mice, respectively. The differences of these two ratios were statistically non significant (P=0.454 two tailed ¢ test) (Table 5). The
group mean + S.E. for the Ct values of GAPDH of the skeletal and cardiac muscles for the db/db mouse group and control mouse
group was shown in Table 6.

Obesity is one of the metabolic syndrome and relates to the high incidence of the life threatening diseases such as diabetes
mellitus, cerebrovascular disease and / or myocardial infarction. The skeletal muscle is the major site of metabolism in the body.
Many papers have so far reported the myopathology of the obese animals, some of which were listed in the references of this paper
[1, 10, 15, 17, 18] and these papers described that the skeletal muscles of obese animals showed the decreased cross-sectional
areas qualitatively without measuring the myofiber diameter. We studied the myopathology of obese db/db mice qualitatively and
quantitatively. Our results revealed that type 2 myofiber diameter was smaller in db/db mice than that in the lean control mice and
this finding was confirmed statistically. This means that the muscle of db/db mouse is atrophic especially in fast twitch type 2 white
myofibers. However, the myofiber type proportion was not statistically different between the obese db/db mice and lean control
mice, although the ratio of type 2 to type 1 was relatively low in db/db mice. Furthermore both fiber types in db/db mice seemed to
have either a) invaginations of the plasma membrane or b) internal vacuoles or c) lipid droplets. Electron microcopy will provide
us more information about this problem. The type 2 fiber atrophy of the obese db/db mice seen in this study may result partly
from the immobility of the obese db/db mice. Kemp et al. [14] also analyzed morphologically the sternomastoid (first twitch type
2 fiber), extensor digitorum longus (fast twitch type 2 fiber) and soleus (slow twitch type 1 and fast twitch type 2 mixed) muscles
of leptin deficient obese ob/ob mice and lean control mice, and found that all three muscles were smaller in size with the type 2
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atrophy mass being the most affected in comparison with muscles of lean control mice. Such type 2 myofiber atrophy may derive
from the lower activity level of the animal (functional disuse) [28] in addition to hormonal (such as elevated glucocorticoids and
adipokines) and other physical changes [14, 27] in the obese mice. In addition, the findings of reduced activity of the mitochondrial
fatty acid oxidation (mFAQ) pathway in vitro, lower abundance of ACAD9 and CPT1B, and decreased acylcarnitines in vivo firmly
support that the mFAO pathway in the skeletal muscle of diabetic mice is attenuated, possibly resulting in cell/tissue dysfunction

in diabetes [41]. The impairment of muscle regeneration may also increase in pathological conditions such as muscle atrophy of
obese mice [23, 40]. The muscle satellite cell is a dormant myoblast [22] and is reported to increase in pathological conditions such
as muscular dystrophy [31, 36]. The altered proliferation and differentiation of satellite cells were also described in obese mice

[3, 25]. Taken together, this event is also linked to the muscle atrophy in the obese mice. Furthermore, metabolic defects such as
insulin resistance accelerates muscle protein degradation by activating the ubiquitin-proteasome pathway and defective muscle cell
signaling, leads to muscle atrophy in obese animals [29, 37].

With regard to the myofiber type proportion in the quadriceps femoris muscles, the result of our study revealed no difference
between obese db/db mouse muscle and lean control mouse muscle. As described previously some groups of investigators reported
the increased proportion of fast twitch glycolytic type 2 muscle fibers in the obese animals [10, 17, 18]; while other investigators
reported that fiber proportions of obese mice displayed higher numbers of slow twitch type 1 profile muscle fibers [38]. So a
definite conclusion about the fiber type proportion in the skeletal muscle of obese animal has not so far been reached. Skeletal
muscle is composed of heterogeneous muscle fibers which differ in their metabolic and contractile profile and are called type 1
and type 2 fibers [30]. Type 1 fibers have an enhanced capacity for mitochondrial respiration and fatty acid oxidation and contain
slow isoforms of contractile proteins (slow myosin); whereas type 2 fibers preferentially oxidise glucose and contain fast twitch
contractile proteins (fast myosin) [30]. Intramyofiber lipid droplets are increased in the skeletal muscle cells of obese animal [5, 32,
33, 39]. The fatty acids derived from the intramyocellular lipid droplets are metabolized in the mitochondria by B-oxidation. The
number of mitochondria is greater in type 1 myofibers, so the increased proportion of type 1 fibers in the obese skeletal muscles
would be reasonable. From this perspective, the reported mechanism concerning an increased proportion of type 2 myofibers in
obese animals is unclear. Further investigations are necessary in order to solve this problem.

AQPs are the small intrinsic channel-forming membrane proteins of epithelial and endothelial cells, and are classified into two
groups [2]. One group of AQPs functions as a water-selective transport channel and another group contains AQPs with a water
channel permeable to neutrally charged small molecules such as glycerol, urea and purines [2, 12, 13, 16]. The latter AQPs are
called aquaglyceroporins in which AQP3, AQP7, AQP9 and AQP10 are included [2, 21]. With regard to lipid metabolism, glycerol
is an important molecule and direct source of glycerol 3 phosphate to synthesize triglyceride [4], which is a main substance of
neutral lipid. AQP7 and AQP9 are considered to be a gateway for the influx and efflux of circulating and /or lipolysis-derived
glycerol from adipocytes and/or hepatocytes [8, 16, 20]. In this study, it was hypothesized that AQP7 and AQP9 mRNAs
expression would be altered in the obese db/db mouse skeletal and cardiac muscles, since the neutral lipid, in which the triglyceride
was a main substance, was increasing in these cells. As was observed in the skeletal muscles of obese 0b/0b mice [33] and in
diet induced obesity mice [32], upregulation of AQP7, but not AQP9 mRNAs in skeletal and cardiac muscles of db/db mice was
revealed in this study. Increased AQP7 abundance was also described in skeletal muscle from obese men with type 2 diabetes [19].
These findings were thought to be reasonable, since AQP7 is a channel for glycerol molecules in skeletal and cardiac muscle cell
membranes, and increased extracellular glycerol might enter myocytes through an increased number of AQP7 glycerol channels
possibly associated with an increase in AQP7 mRNA expression. It would be interesting to see whether the obese db/db muscles
show altered expression of other AQPs such as AQP4, as was observed in the skeletal muscle with Duchenne muscular dystrophy
[35], since AQP7 is not only glycerol channel but also water channel.

Finally, the present study shed some light on the pathophysiology of lipid metabolism in the muscles of obese db/db mice.
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