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Renal Injury, Abnormal Vitamin D Metabolism
and Bone Homeostasis in Aged Rats With Insulin
Resistance or Type 2 Diabetes Mellitus
Huang Chang-Quan, Dong Bi-Rong, Xiao Qian, He Ping, Ding Qun-Fang, Lu Zhen-Chan,
and Peng Xiao-Dong

| ABSTRACT

Objective: The study aimed to explore the relationship
among renal injury, abnormal vitamin D metabolism,
and bone homeostasis in insulin resistance (IR) or type
2 diabetes mellitus (T2DM).
Design and Methods: The animal models of IR, T2DM,
and T2DM treated with 1-alpha hydroxyvitamin D
(1-!(OH)D) were established on 18-month-old male
Wistar rats. Glucose infusion rates (GIR) and levels of
urinary albumin (UA), serum 25-hydroxyvitamin D
(25-(OH)D), serum 1,25-dihydroxyvitamin D (1,25-
(OH)2D), and bone mineral density (BMD) in lumbar
vertebrae and femoral bone were measured.
Results: Urinary albumin level in the rats with T2DM
significantly increased, and there existed a significant
and negative correlation between GIR and UA level in
the rats with T2DM or IR. The levels of serum 25-
(OH)D in all models were similar. The levels of serum
1,25-(OH)2D and BMD in the rats with IR were signifi-
cantly higher than those in the rats with T2DM and were
lower than those in normal control rats. In the aged rats
with T2DM, administration of 1-!(OH)D had no effect
on serum 25-(OH)D level although significantly in-
creased the levels of serum 1,25-(OH)2D and BMD.
There existed a negative correlation between the levels
of serum 1,25-(OH)2D and UA in the rats with T2DM
or IR.
Conclusions: In IR or T2DM, abnormal vitamin D me-
tabolism is characterized by 1,25-(OH)2D deficiency and
is related to renal injury, and there also existed bone loss.
In T2DM, both 1,25-(OH)2D deficiency and bone loss
can be reversed by 1-!(OH)D.
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| INTRODUCTION

The course of 1,25-dihydroxyvitamin D (1,25-(OH)2D)
production in vivo is mainly regulated by renal 1!-
hydroxylase, which is the protein produced in renal tubu-
lar epithelial cells.1Y6 1,25-Dihydroxyvitamin D plays an
important role in the regulation of calcium and phos-
phate metabolism and its deficiency can result in bone
loss and osteoporosis.7 It has been confirmed that in
patients with chronic kidney diseases, insufficient renal
1!-hydroxylase is a main factor in accounting for 1,25-
(OH)2D deficiency and bone loss.8,9 Diabetes mellitus
and insulin resistance (IR) have been shown to promote
the onset and progression of chronic kidney disease and
are recognized as the leading cause of end-stage renal
disease.10Y15 When considering the relationship between
vitamin D and IR or type 2 diabetes mellitus (T2DM), it
is generally regarded that abnormal vitamin D metabo-
lism, characterized by 1,25-(OH)2D deficiency, coexists
with IR or T2DM and is also recognized as an etiologic
factor of IR and T2DM.16Y20 It has been shown that
T2DM and IR may increase the risk of bone mineral
density (BMD) decrease and fracture.21Y24 Because in
the presence of IR or T2DM there exist renal injury,
1,25-(OH)2D deficiency, and disturbance in bone metab-
olism, it is reasonable to suppose therefore that renal
injury with IR or T2DM affects the course of hydroxyl-
ation of 25-hydroxyvitamin D (25-(OH)D) in the kidney
and leads to 1,25-(OH)2D deficiency, which subsequent-
ly result in bone loss. This study intended to investigate
the relationship among renal injury, abnormal vitamin D
metabolism, and bone homeostasis in the presence of IR
or T2DM.

| MATERIALS AND METHODS

Preparation of Animal Model
Male Wistar rats (animal-breeding center of Third Mili-
tary Medical University, Chongqing, China), 18 months
of age, each weighing approximately 250 g, were
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divided into 4 groups: normal rats (group N; control),
IR rats (group I), T2DM rats (group D), and T2DM
rats treated with 1!-(OH)D (group T). Each group in-
cluded 10 rats. Group N was fed with a standard rat diet
(gross energy content, 13.35 kJ/g, including 19% fat) for
12 weeks, and in the fourth week, a 3-mL 0.1 mmol/L cit-
rate buffer solution peritoneal injection was administered.
Group I received a high-fat diet (gross energy content,
18.71 kJ/g, including 57% fat) for 12 weeks to induce
IR and a 3-mL 0.1 mmol/L citrate buffer solution perito-
neal injection in the fourth week. Group D received a
high-fat diet for 12 weeks and a 30-mg/kg streptozotocin
(Sigma Chemical Co, St Louis, MO) peritoneal injection
in the fourth week. Group T received the same treatment
as group D except that group T received once-daily
0.1 2g/kg 1!-(OH)D (Medicinal Manufacturer of
Chongqing, Chongqing, China) via intragastric adminis-
tration for 4 weeks (from the 8th to 12th week of the
experiment). The Institutional Animal Care and Use
Committee at Third Military Medical University ap-
proved the protocol of this animal experiment.

Body Weight and Fasting Blood Glucose
The rats were weighed at the start and every 4 weeks af-
terward until the end of the study. Fasting blood glucose
(FBG) was determined from tail bleeding at the start and
every 4 weeks by the glucose oxidase method25 with the
reagents (Sigma Chemical Co).

IR Detected by Euglycemic Insulin
Clamp Technique
At the end of the 12thWeek, IR was determined by the use
of the euglycemic insulin clamp technique.26 This method
measures the quantity of glucose necessary to compensate
for an increased insulin level without causing hypoglyce-
mia. The rats were anesthetized with 3.5% chloral hydrate,
using a cannula from the left common carotid and right
jugular vein. Insulin (10 mUIkgj1Iminj1) was infused
from the right jugular vein, and arterial blood was collect-
ed every 5 minutes from the left common carotid to mea-
sure blood sugar levels. When blood sugar levels were 6 T
0.5 mmol/L, 10% glucose was infused to keep the blood
sugar at a level of approximately 6 T 0.5 mmol/L for
1 hour, and the average glucose infusion rate (GIR) in
the hour was calculated. GIR is an index of IR.

UA Detected by Radioimmunoassay
For the measurement of urinary albumin (UA), in the
12th week of the study, the rats were individually housed
in metabolic cages and urine was collected over a 24-
hour period. The level of UA was determined by an
in-house rat albumin radioimmunoassay (RIA)27 using
rabbit antirat albumin antibody RARa/Alb (Amersham
Japan, Tokyo, Japan) and globulin-free rat albumin for
standard and iodination.

| 25-(OH)D, 1,25-(OH)2D DETECTED
BY RIA

Arterial blood samples were collected for the determina-
tion of serum 25-(OH)D and serum 1,25-(OH)2D levels
by a RIA kit.

Radioimmunoassay IDS gamma-B25-D-hydroxyvitamin
D immunodiagnostic kit from IDS (Amersham Japan)
was used for the determination of 25-(OH)D in serum
aliquots of 50 2l. In accordance with the information
provided by manufacturer, the reference range for such
kit is 3 to 83 ng/mL, an analytical sensitivity less than
0.8 ng/mL and a specificity (cross-reactions in %) of
sheep polyclonal antibody 100% for 25-(OH)D and less
than 0.01% for VD.

1,25-Dihydroxyvitamin D was determined in serum
aliquots of 500 2l using the immunoextraction gamma-
B1,25-dihydroxyvitamin D RIA kit from the same com-
pany. In this case, the immunoextraction is conducted
with the aid of monoclonal antibodies immobilized to
solid particles. The RIA itself uses a polyclonal sheep
antibody whose analytical sensitivity is 8 pg/mL and
which shows 100% specificity for 1,25-(OH)2D, less
than 0.01% for 24,25-(OH)2D and less than 0.001% for
25-(OH)D. The reference range of 1,25-(OH)2D is 48 to
110 pg/mL.

BMD Detected by Dual Energy
X-Ray Absorption
After rats were killed their left femoral bones and lumbar
vertebras were collected to detect BMD by using dual
energy x-ray absorption (small-animal software high-
resolution option, DXA, 4500A; Hologic Inc, Bedford,
MA).28,29

Statistical Analysis
Data from different groups were combined and reported
as the mean T SD. One-way analysis of variance for
multiple comparisons was used to provide a statistical
analysis. The relationships among the parameters were
analyzed through correlation analysis. All the data were
analyzed by the use of the Statistical Package for the So-
cial Sciences (version 12.0; SPSS Inc, Chicago, IL).
Values of P G 0.05 were considered to be of statistical
significance.

| RESULTS

IR or T2DM in the Aged Rats
At the end of the study, body weight (BW) and increase
in BW in group N were lower than those in the other 3
groups (Table 1). At the end of the eighth week, FBG
level in each rat in group D and group T was more
than 16.7 mmol/L, FBG level in each rat in group I
was less than 16.7 mmol/L, but the average FBG level
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in group I was higher than that in group N (P G 0.05)
(Table 1). Group N had a higher GIR than the others
(P G 0.01), whereas the GIR seen in other groups did
not differ significantly (Table 1). These data indicated
that there existed IR in groups I, D, and T and T2DM
occurred in group D and group T.

UA Level and Its Correlation With GIR in the
Aged Rats With IR or T2DM
Groups D and T had higher UA levels than those in group
N (P G 0.01) and group I (P G 0.05); the UA level was
higher in group I compared with group N, but the differ-
ence was not significant (P 9 0.05; Table 2). Pearson cor-
relation coefficient showed that UA level negatively and
significantly correlated with GIR in groups I, D, and
T (r = j0.8304, P G 0.01; r = j0.9318, P G 0.01; r =
j0.7743, P G 0.05, respectively) (Fig. 1).

Abnormal Vitamin D Metabolism and Its
Correlation With UA Level in the Aged Rats
With IR or T2DM
The levels of serum 25-(OH)D in all experimental ani-
mals were similar. Serum 1,25-(OH)2D level in the rats
with IR was significantly higher than that in the rats with
T2DM but significantly lower than that in controls (both
P G 0.05) (Table 2). This showed that there existed ab-
normal vitamin D metabolism, characterized by 1,25-
(OH)2D deficiency, in the aged rats with T2DM or IR.
Pearson correlation coefficient showed that UA level
negatively and significantly correlated with level of

serum 1,25-(OH)2D for rats across both group I and
group D (r = j0.4946, P G 0.05; r = j0.7705, P G
0.01, respectively) (Fig. 2).

Bone Loss in the Aged Rats With IR or T2DM
The BMD level in lumbar vertebrae or femoral bone in
the rats with IR was lower than that in controls and but
higher than that in the rats with T2DM (both P G 0.05)
(Table 2). This showed that bone loss occurred in the
aged rats with IR or T2DM.

The Effect of Administration of 1!-(OH)D on
Levels of 1,25-(OH)2D and BMD in the Aged
Rats With T2DM
In the rats with T2DM, administration of 1!-(OH)D had
no effect on level of serum 25-(OH)D but significantly
increased serum 1,25-(OH)2D to a normal level and sig-
nificantly increased BMD to a level, which was similar
to that in the rats with IR (Table 2). In the aged rats
with T2DM, reduced levels 1,25-(OH)2D and BMD
can be reversed by 1!-(OH)D.

| DISCUSSION

In the present study in the aged rats with T2DM or IR,
there existed abnormal vitamin D metabolism, character-
ized by 1,25-(OH)2D deficiency and related bone loss.
Both 1,25-(OH)2D deficiency and bone loss in the aged
rats with T2DM could be reversed by 1-alpha hydroxy-
vitamin D (1-!(OH)D). For rats with IR or T2DM, UA

TABLE 1. FBG, BW, GIR (Mean T SD, n = 10 per Group) in the 4 Groups: Normal Rats (Group N), Rats With IR (group I),
Rats With T2DM (Group D), and T2DM Rats Treated With 1!-(OH)D (Group T)

Group

N I D T

FBG, mmol/L 5.6 T 2.1*yz 9.3 T 3.8yz` 28.6 T 9.7P** 25.3 T 5.9P**
BW at start, g 252.6 T 16.3 248.3 T 24.6 255.1 T 17.8 253.9 T 15.9
BW at end, g 272.4 T 18.9*yyzz 302.5 T 30.7` 297.8 T 21.4` 293.9 T 24.5`

Increase in BW, g 19.8 T 14.2yz** 54.2 T 15.7P 42.7 T 12.8P 40.0 T 16.7P

GIR, mgIkgj1Iminj1 12.3 T 4.14yz** 6.8 T 2.35P 6.37 T 1.90P 8.1 T 4.54P

Versus group N, `P G 0.05, PP G 0.01; versus group I, *P G 0.05, **P G 0.01; versus group D, yyP G 0.05, yP G 0.01; versus group T, zzP G 0.05,
zP G 0.01.

TABLE 2. UA, 25-(OH)D, 1,25-(OH)2D, and BMD in Femoral Bone and Lumbar Vertebrae (Mean T SD, n = 10 per Group) in the
4 Groups: Normal Rats (Group N), Rats With IR (group I), Rats With T2DM (Group D), and T2DM Rats Treated With 1!-(OH)D
(Group T)

Group

N I D T

UA, g/L 13.84 T 4.14*y 18.55 T 6.52z` 26.67 T 9.53P** 27.0 T 10.9P**
25-(OH) D, ng/mL 10.9 T 4.1 10.7 T 4.3 10.4 T 2.9 10.5 T 2.2
1,25-(OH)2 D, pg/mL 84.38 T 7.75*** 73.1 T 8.8z`yy 62.4 T 16.5yP** 83.2 T 17.2***
BMD in femoral bone, g/cm2 0.17 T 0.04*`** 0.14 T 0.03zyy 0.12 T 0.03`P** 0.15 T 0.05zyy

BMD in lumbar vertebrae, g/cm2 0.15 T 0.05*`** 0.13 T 0.03zyy 0.10 T 0.05`P** 0.13 T 0.03zyy

Versus group N, yyP G 0.05, PP G 0.01; versus group I, **P G 0.05, zzP G 0.01; versus group D, zP G 0.05, *P G 0.01; versus group T, `P G 0.05,
yP G 0.01.
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level negatively and significantly correlated with GIR
and level of serum 1,25-(OH)2D.

25-Hydroxylase converts vitamin D to 25-(OH)D as
well as 1-!(OH)D to 1,25-(OH)2D. Renal 1-alpha hydrox-
ylase is necessary in the process of converting vitamin D
or 25-(OH)D to 1,25-(OH)2D but is not needed in the pro-
cess of converting 1!-(OH)D to 1,25-(OH)D.1Y6 In the
present study in aged rats with IR or T2DM, there existed
normal 25-(OH)D level and reduced 1,25-(OH)2D level.
Treating aged rats with T2DM with 1!-(OH)D markedly
increased 1,25-(OH)2D to a normal level. Therefore, ab-
normal vitamin D metabolism, characterized by 1,25-
(OH)2D deficiency, occurred in rats with IR or T2DM,
and insufficient renal 1!-hydroxylase is the main etio-
pathogenesis of 1,25-(OH)2D deficiency.8,9

The relationship between IR or diabetes and vitamin
D has been the subject of research for several decades,
and a number of researchers and clinicians believe that
abnormal vitamin D metabolism is an etiologic factor
for IR and diabetes.16Y20 There are differing viewpoints
on whether insufficient 1,25-(OH)2D levels favor IR
and diabetes; however, the abnormal vitamin D metabo-
lism characterized by 1,25-(OH)2D deficiency is known
to coexist with IR and diabetes.16Y20 There are many
reports on insufficient renal 1!-hydroxylase in animal
and patients with type 1 diabetes mellitus.30Y32 In this
study, we confirmed that in the presence of T2DM or
IR, insufficient renal 1!-hydroxylase also occurred and
was the main etiopathogenesis of 1,25-(OH)2D deficien-
cy. Thus, we may conclude that diabetes and IR may
lead to1,25-(OH)2D deficiency by inducing insufficient
renal 1!-hydroxylase.30Y32

It has been confirmed that renal injury with diabetes
and IR is characterized by albuminuria, and the total

amount of 24-hour albuminuria can be used as an
index of the degree of renal injury with IR or dia-
betes.10Y15,33Y35 In this study, although creatinine and
histology change were not measured, we still concluded
that renal injury occurred in the aged rats with T2DM
from the higher UA level in those rats than that in con-
trols. The aged rats with IR had higher UA level than the
controls, but the result was not statistically significant.
Considering that UA showed a negative correlation
with GIR, this study concluded that the aged rats with
IR had renal injury, a hypothesis supported by earlier
studies.34,36 Renal 1!-hydroxylase is a protein that is
produced in renal tubular epithelial cells; histological
studies on chronic kidney diseases have confirmed that
occurrence of microalbuminuria was related to the severe
tubular injury.37Y39 In type 1 diabetes mellitus, the
effects of insulin deficient and hyperglycemia on kidneys
are viewed as mechanism of insufficient renal 1!-hydro-
xylase.30Y32 Diabetes and IR are the leading cause of
chronic kidney disease, and abnormal insulin and hyper-
glycemia were also viewed as mechanisms of renal inju-
ry with IR or diabetes. In this study, in the rats with IR or
T2DM, 1,25-(OH)2D deficiency and renal injury coexist,
and there were disturbances in glucose metabolism,
which had been confirmed as the main reason for both
renal injury and insufficient renal 1!-hydroxylase in dia-
betes.10Y15,30Y35 Moreover, there was a correlation be-
tween levels of 1,25-(OH)2D and UA in the rats with
IR or T2DM. All of these showed that in IR or T2DM,
insufficient renal 1!-hydroxylase and 1,25-(OH)2D defi-
ciency were related to renal injury.

In the study, the lower BMD levels showed that there
existed bone loss in the aged rats with IR and T2DM. In

FIGURE 1. Relationship between GIR (mgIkgj1Iminj1)
and UA (g/L) in normal rats (group N), rats with IR
(group I), rats with T2DM (group D), and T2DM rats
treated with 1!-(OH)D (group T).

FIGURE 2. Relationship between UA (g/L) and 1,25-
(OH)2D (pg/mL) in normal rats (group N), rats with IR
(group I), rats with T2DM (group D), and T2DM rats
treated with 1!-(OH)D (group T).
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the present study, abnormal levels of serum 1,25-
(OH)2D, calcium, phosphate, and parathyroid hormone
are generally viewed as the reasons for bone loss in dia-
betes and IR. In the study, we did not measure serum
calcium, phosphate, and parathyroid hormone; we are
not entitled to make a statement about the effect of
serum calcium, phosphate, and parathyroid hormone on
bone homeostasis in IR and T2DM. On the other hand,
1,25-(OH)2D deficiency and bone loss were concurrent
in the aged rats with T2DM and IR, and both 1,25-
(OH)2D deficiency and bone loss were reversed by
1-!(OH)D in the aged rats with T2DM. Moreover,
1,25-(OH)2D deficiency is one of consequent trigger fac-
tors of bone loss, which has been demonstrated repeated-
ly by the clinical and experimental evidences.8,9,40,41

Thereafter, we can conclude that 1,25-(OH)2D deficien-
cy, which results from insufficient renal 1!-hydroxylase,
is a main reason for bone loss in the presence of IR and
T2DM.

Based on our results, we concluded here that in senile
rats with IR or T2DM, renal injury, abnormal vitamin D
metabolism, characterized by 1,25-(OH)2D deficiency,
and related bone loss are closely related to one another,
and in this case, insufficient renal 1!-hydroxylase may
play an important role.
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32. Hülya A, Fatih A, Naciye K, et al. Serum 1,25 dihydroxy
vitamin D (1,25(OH)2D3), 25 hydroxy vitamin D
(25(OH)D) and parathormone levels in diabetic retinopathy.
Clin Biochem. 2000;33:47Y51.

33. Parvanova AI, Trevisan R, Iliev IP, et al. Insulin resistance
and microalbuminuria: a cross-sectional, case-control study
of 158 patients with type 2 diabetes and different degrees

of urinary albumin excretion Diabetes. 2006;55:
1456Y1462.

34. Hoehner CM, Greenlund KJ, Rith-Najarian S, et al.
Association of the insulin resistance syndrome and
microalbuminuria among nondiabetic native Americans.
The Inter-Tribal Heart Project. J Am Soc Nephrol. 2002;13:
1626Y1634.

35. Kawano K, Hirashima T, Mori S, et al. Spontaneous long-
term hyperglycemic rat with diabetic complications:
Otsuka Long-Evans Tokushima Fatty (OLETF) strain.
Diabetes. 1992;41:1422Y1428.

36. De Cosmo S, Minenna A, Ludovico O, et al. Increased
urinary albumin excretion, insulin resistance and related
cardiovascular risk factors in patients with type 2 diabetes:
evidence of a sex-specific association. Diabetes Care.
2005;28:910Y915.

37. Cooper ME. Pathogenesis, prevention, and treatment of
diabetic nephropathy. Lancet. 1998;352:213Y219.

38. Yaqoob M, McClelland P, Patrick AW, et al. Tubulopathy
with macroalbuminuria due to diabetic nephropathy and
primary glomerulonephritis. Kidney Int Suppl. 1994;47:
101Y104.

39. Yaqoob M, McClelland P, Patrick AW, et al. Evidence of
oxidant injury and tubular damage in early diabetic
nephropathy. QJM. 1994;87:601Y607.

40. Karkkainen M, Tahtela R, Laitinen K, et al. Bone mass
and markers of bone and calcium metabolism in post-
menopausal women treated with 1,25-dihydroxyvitamin D
(Calcitriol) for four years. Calcif Tissue Int. 2000;67:
122Y127.

41. Tsuruoka S, Wakaumi M, Yamamoto H, et al. Chron-
opharmacology of oxacalcitriol in rat model of osteoporo-
sis. Eur J Pharmacol. 2004;19;488:239Y245.

Volume 56, Issue 6 877

Kidney, Vitamin D and Bone in IR or T2DM

 on A
pril 23, 2024 by guest. P

rotected by copyright.
file:/

J Investig M
ed: first published as 10.2310/JIM

.0b013e31817c4270 on 5 January 2016. D
ow

nloaded from
 


