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Abstract: Diabetes increases bone fracture risk. Trigonelline, an alkaloid with potential antidiabetic
activity, is present in considerable amounts in coffee. The aim of the study was to investigate the
effects of trigonelline on experimental diabetes-induced disorders in the rat skeletal system. Effects
of trigonelline (50 mg/kg p.o. daily for four weeks) were investigated in three-month-old female
Wistar rats, which, two weeks before the start of trigonelline administration, received streptozotocin
(60 mg/kg i.p.) or streptozotocin after nicotinamide (230 mg/kg i.p.). Serum bone turnover markers,
bone mineralization, and mechanical properties were studied. Streptozotocin induced diabetes,
with significant worsening of bone mineralization and bone mechanical properties. Streptozotocin
after nicotinamide induced slight glycemia increases in first days of experiment only, however
worsening of cancellous bone mechanical properties and decreased vertebral bone mineral density
(BMD) were demonstrated. Trigonelline decreased bone mineralization and tended to worsen bone
mechanical properties in streptozotocin-induced diabetic rats. In nicotinamide/streptozotocin-treated
rats, trigonelline significantly increased BMD and tended to improve cancellous bone strength.
Trigonelline differentially affected the skeletal system of rats with streptozotocin-induced metabolic
disorders, intensifying the osteoporotic changes in streptozotocin-treated rats and favorably affecting
bones in the non-hyperglycemic (nicotinamide/streptozotocin-treated) rats. The results indicate that,
in certain conditions, trigonelline may damage bone.
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1. Introduction

Diabetes mellitus belongs to the most prevalent chronic diseases. There are two main types of
diabetes: type 1 (insulin-dependent), with {3-cell destruction and insulin deficiency, and type 2, with
progressive defect of insulin secretion on the background of insulin resistance [1]. Both type 1 and
type 2 diabetes are associated with the development of numerous complications, including disorders
of bone metabolism leading to increased occurrence of bone fractures [2,3].

Lifestyle and dietary factors may significantly affect the development of pathological changes in
diabetes (in particular type 2 diabetes). These factors are also essential in the prevention of osteoporosis.
An example of a component of the diet, which may affect both type 2 diabetes development and
the skeletal system, is coffee. Coffee drinking has been shown to exert numerous health-promoting
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effects, among others it decreases the risk of type 2 diabetes [4,5]. On the other hand, it is taken into
consideration as a risk factor for osteoporosis, although results of different studies are inconsistent [6-9].

Trigonelline belongs to major components of coffee, where it is present in amounts
similar or smaller than those of caffeine [10-12]. Trigonelline is also present in fenugreek
(Trigonella foenum-graecum L.) seed, used in traditional medicine [13]. Trigonelline has been reported to
exert several pharmacological activities, including antihyperglycemic and antihyperlipidemic [14].

We have recently reported that trigonelline unfavorably affected the skeletal system of
estrogen-deficient rats (a model of postmenopausal osteoporosis), intensifying the development
of osteoporotic changes [15]. Trigonelline is present in the diet of coffee-drinkers on a daily basis.
Our research hypothesis was that trigonelline may affect the skeletal system in diabetic conditions.
Taking into account its antihyperglycemic activity, trigonelline may counteract the development of
diabetes-induced bone disorders. However, based on our previous observations, there is a possibility
of its unfavorable effects on the skeletal system. The aim of the study was to investigate the effects of
trigonelline on diabetes-induced disorders in the rat skeletal system. Two experimental models were
used: rats treated with a single dose of streptozotocin, which induced experimental type 1 diabetes [16],
and rats treated with streptozotocin after nicotinamide [17], which led to a slight increase in blood
glucose level only.

2. Materials and Methods

2.1. Animals and Chemicals

The experiments were performed on three-month-old female Wistar rats purchased from the
Center of Experimental Medicine, Medical University of Silesia, Katowice. The rats were fed a standard
laboratory diet (Labofeed B, Wytwornia Pasz “Morawski”, Poland) ad libitum. The protocol for the
experiments on animals was approved by the Local Ethics Commission, Katowice, Poland (permission
number 81/2013).

Drugs used: trigonelline hydrochloride (Fluka Analytical; Sigma-Aldrich Co., St. Louis, MO,
USA) at a dose of 63.3 mg/kg p.o. daily (i.e., 50 mg of trigonelline/kg p.o. daily) for four weeks,
streptozotocin (Cayman Chemical Company, Ann Arbor, MI, USA), nicotinamide (Sigma-Aldrich
Co., St. Louis, MO, USA), ketamine—Bioketan (Vetoquinol Biowet Sp. z 0.0., Gorzéw Wielkopolski,
Poland), xylazine—Xylapan (Vetoquinol Biowet Sp. z 0.0., Gorzéw Wielkopolski, Poland).

The animals were divided into five groups (n = 10):

I Control rats,
II Streptozotocin-treated control rats,
III Streptozotocin-treated rats receiving trigonelline (50 mg/kg p.o. daily),
IV Nicotinamide/streptozotocin-treated control rats, and
V Nicotinamide/streptozotocin-treated rats receiving trigonelline (50 mg/kg p.o. daily).

Streptozotocin was administered to the rats of groups II-V in a single dose of 60 mg/kg i.p.,
dissolved in 0.1 M citrate buffer (pH 4.5; 1 mL/kg). Nicotinamide (230 mg/kg i.p.), dissolved in 0.9%
NaCl, was injected (in a volume of 2 mL/kg) 15 min before the administration of streptozotocin in the
rats of groups IV and V. Control rats (group I) received the citrate buffer in a volume of 1 mL/kg i.p.

Administration of trigonelline started two weeks after streptozotocin and lasted four weeks.
Trigonelline was administered once daily by a stomach tube. All control rats received tap water (the
vehicle) at the same volume of 2 mL/kg p.o. The four-week period of trigonelline administration was
long enough to demonstrate skeletal effects of trigonelline and other compounds of plant origin in
rats [15,18,19].

The blood glucose level in non-fasting animals was examined before the start of the experiment
and then once weekly, before trigonelline administration, with the use of Accu-Chek Performa
glucometer (Roche Diagnostics GmbH, Mannheim, Germany). The blood sample was taken from tail
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vessels of conscious rats (by cutting the tail tip). When the glucose level exceeded the upper limit of
detection (600 mg/100 mL), this value was taken into the calculations. The streptozotocin-treated rats
(groups II and III) which did not develop diabetes were excluded from the experiment. Three rats died
during the experiment. The final number of rats in experimental groups was: 10, 8, 7, 10, and 9 for
groups I, IL, III, IV, and V, respectively.

The rats were fasted overnight after the last trigonelline or vehicle administration. The next day;,
the blood glucose level was measured and the rats were anesthetized with ketamine and xylazine, and
then sacrificed by cardiac exsanguination. The left and right femurs, left tibia, and L-4 vertebra were
isolated. The left femurs, tibias, and vertebrae were weighed. The left femur, left tibia, and proximal
part of the right femur from each rat, wrapped in gauze soaked in 0.9% NaCl solution, were kept
below —20 °C until the mechanical tests were performed on thawed bones [20].

2.2. Biochemical Studies

In the serum obtained at the end of the experiment (after four weeks of trigonelline or vehicle
administration), concentrations of osteocalcin (a bone formation marker) and C-terminal type I collagen
fragments released from bone during bone resorption were measured using enzyme immunoassays
(Rat-MID Osteocalcin EIA and RatLaps EIA, respectively, Inmunodiagnostic Systems Ltd., Boldon,
Tyne and Wear, UK). Serum concentrations of total calcium and cholesterol were determined
spectrophotometrically, using (Pointe Scientific, Inc., Canton, MI, USA) kits.

2.3. Bone Mechanical Properties Studies

Bone mechanical properties were determined using an Instron 3342 500N apparatus (Instron,
Norwood, MA, USA). The data were analyzed by Bluehill 2 version 2.14 software (Instron, Norwood,
MA, USA).

Mechanical properties of the diaphysis of the left femurs were assayed with a three-point bending
test as previously described [18,20]. The load was applied perpendicularly to the long axis of the femur
at the mid-length of the bone. The load, displacement and energy for the yield point (0.05% offset),
maximum load point and fracture load point were determined based on the load-displacement curves
obtained for each bone. Moreover, the intrinsic parameters—stress and Young’s modulus—were
examined, assuming that the femoral diaphysis was an elliptical pipe, as previously described [18].

Mechanical properties of the femoral neck were examined in a compression test [18], with the
load applied to the femoral head along the long axis of the bone. The load causing the fracture of the
femoral neck (maximum load) was determined.

Mechanical properties of the proximal metaphysis of the left tibia were measured in a three-point
bending test as previously described [18,21]. To perform the test, the proximal epiphysis was
removed. The same parameters as for the femoral diaphysis were determined. To calculate the
intrinsic parameters, it was assumed that the tibial metaphysis was a circular beam [18].

2.4. Bone Mineralization Studies

The left tibia, femur, and L-4 vertebra were lyophilized for nine days and weighed. The bones
were then mineralized (ashed) at 640 °C for 48 h in a muffle furnace. The content of bone mineral,
bone organic substances, and bone water in the isolated bones were calculated (as the ratios to the
bone mass).

Moreover, bone mineral density (BMD), bone mineral content (BMC), and bone area
measurements were performed on the lyophilized tibias deprived of the proximal epiphysis and
on the L-4 vertebra, using dual energy X-ray absorptiometry (DXA; Lunar Prodigy Advance with
Encore 2011 software version 13.60, GE Medical Systems, Madison, WI, USA). All the samples were
measured for three times and the average value was used.
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2.5. Statistical Analysis

Results are presented as the mean + SEM. Statistical analysis was performed using Kruskal-Wallis
ANOVA followed by Mann-Whitney U test (Statistica 10, StatSoft). The results obtained in
trigonelline-treated rats (group III and V) were compared with those of the appropriate control
rats with streptozotocin-induced changes (groups II and 1V, respectively). Moreover, results from
all groups were compared with those of the healthy control rats (group I). p values < 0.05 were
considered significant.

3. Results

3.1. Skeletal Changes in Streptozotocin-Treated Rats

Administration of streptozotocin induced type 1 diabetes in rats; the non-fasting blood glucose
levels two weeks after the streptozotocin administration exceeded 400 mg/100 mL and tended to
further increase in the next weeks. The body mass of the diabetic rats was significantly lower than that
of the control rats through the whole experiment (Table 1).

Table 1. Effect of trigonelline (50 mg/kg p.o. for four weeks) on the general parameters and
bone turnover markers in rats treated with streptozotocin (STZ) or nicotinamide and streptozotocin

(NA/STZ).
Parameter/Group Control STZ . STZ * NA/STZ NA/STZ. *
Trigonelline Trigonelline
Initial 193.8 + 4.4 1944 + 5.6 195.6 + 3.1 193.4 + 4.2 1915 + 3.1
0dy mass .. . NoRuuto N a /. U T 4. Jd T4 J T o.
Body 2weeksafter SIZ - g 150  1754+76% 1820 +46* 2021+ 41 199.9 +33
® administration
OweeksafterSTZ 175 | 4o 1744550  1732471% 2165+ 42 2138 +3.7
administration
Initial 117.1+ 3.8 119.8 + 3.1 1184 + 5.1 119.7 + 25 115.7 + 4.1
Nonfasting = 2weeksafter STZ 137 | 3¢ 47074 909 50874158 1217474 1123 +42
glucose level ~ administration
(mg/100 mL)
weeksafterSTZ 111 436 5748+ 163" 5767+ 117" 1093 +30 1072 +25
administration
Total cholesterol (mg/100 mL) ~ 36.32 +2.28  40.80 + 3.61 3344 +575  3405+243  3352+352
Total calcium (mg/100 mL) 9.88 + 0.09 8.95 + 0.40 9.57 + 0.49 1003 +0.17 1017 +0.29
Osteocalcin (ng/mL) 1824 +169  129.1 4243 1794 +56 2357 +250* 2433+ 14.1*
C-terminal type I collagen 1451 4+ 1.04 5925+936** 5836 +513** 1647 +098 1560 + 1.14

fragments (RatLaps) (ng/mL)

Results are presented as means + SEM (1 = 7-10). Kruskal-Wallis ANOVA followed by Mann-Whitney U test
were used for evaluation of the significance of the results. # The measurements made before the last trigonelline
or vehicle administration. The biochemical serum parameters were examined six weeks after the STZ or
NA/STZ administration. * p < 0.05, ** p < 0.01, *** p < 0.001—significantly different from the control group.

The levels of the bone resorption marker (C-terminal type I collagen fragments) were significantly
increased six weeks after the streptozotocin administration, and the levels of the bone formation
marker, osteocalcin, tended to decrease (Table 1).

The mass (not shown), BMC and BMD of the long bones and vertebra, as well as the area of the
tibia, were decreased in the streptozotocin-induced diabetic rats (Figure 1). The bone mineral mass to
bone mass ratio was decreased and the bone water mass to bone mass ratio was increased (with no
effect on the mass of organic substances to bone mass ratio) in the femur, tibia, and vertebra (Table 2).
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Figure 1. Effect of trigonelline (T; 50 mg/kg p.o. for four weeks) on BMC, bone area and BMD of
the tibia (without the proximal epiphysis) and L-4 vertebra in rats treated with streptozotocin (STZ)
or nicotinamide and streptozotocin (NA/STZ). Results are presented as means + SEM (n = 7-10).
Kruskal-Wallis ANOVA followed by Mann-Whitney U test were used for evaluation of the significance
of the results. * p < 0.05, ** p < 0.01, *** p < 0.001—significantly different from the control group (C),

X p < 0.05—significantly different from the NA/STZ group.

Table 2. Effect of trigonelline (50 mg/kg p.o. for four weeks) on the composition of the femur, tibia, and
L-4 vertebra in rats treated with streptozotocin (STZ) or nicotinamide and streptozotocin (NA/STZ).

Parameter/Group Control STZ . STZ * NA/STZ NA/STZ.
Trigonelline +Trigonelline
Bone mineral femur 0.466 + 0.006  0.440 + 0.007 ** 0.421 +0.004*© 0458 +0.004  0.462 + 0.007
mass/bone tibia 0466 + 0.005  0.441 £ 0.006 ** 0.419 + 0.005*+C 0451 +0.006  0.467 + 0.004
mass ratio L-4 vertebra  0.429 + 0.012 0.408 £ 0.006 * 0.394 + 0.006 ** 0.424 +0.010  0.436 + 0.006
Mass of bone femur 0.289 + 0.006 ~ 0.319 + 0.008 ** 0.337 + 0.006 *+©  0.301 £ 0.005  0.299 + 0.008
water/bone tibia 0.2754+0.005  0.303 + 0.007 ** 0.332 £ 0.005 **O  0.295 + 0.008 *  0.280 + 0.006
mass ratio L-4 vertebra  0.316 + 0.017 0.337 £ 0.008 * 0.352 + 0.007 ** 0.319 + 0.015  0.307 + 0.010
Mass of bone femur 0.244 + 0.002 0.241 + 0.002 0.241 + 0.002 0.240 + 0.001  0.240 + 0.002
organic tibia 0.258 + 0.002 0.255 + 0.004 0.249 + 0.002 0.254 + 0.004  0.252 + 0.002

substances/bo-ne

mass ratio L-4 vertebra  0.255 + 0.006 0.255 + 0.003 0.254 + 0.002 0.257 + 0.005  0.258 + 0.005

Results are presented as means + SEM (1 = 7-10). Kruskal-Wallis ANOVA followed by Mann-Whitney U test
were used for evaluation of the significance of the results. * p < 0.05, ** p < 0.01, *** p < 0.001—significantly
different from the control group, © p < 0.05—significantly different from the STZ group.

Mechanical properties of the tibial metaphysis (mostly cancellous bone) were strongly worsened
in rats with streptozotocin-induced diabetes (Figure 2, Table 3). The diabetes-induced changes in
compact bone of the femoral diaphysis were much weaker and limited to the parameters measured in
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the yield point: the yield point load and energy accumulated to the yield point significantly decreased
(not shown). There was no effect on the strength of the femoral neck (not shown).

160 1.00
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Displacement for maximum load [mm)]

(& STZ STZ+T NA/STZ NA/STZ+T C STZ STZ+T NA/STZ NA/STZ+T
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Figure 2. Effect of trigonelline (T; 50 mg/kg p.o. for four weeks) on mechanical properties of the
tibial metaphysis (parameters for the maximum load point) in rats treated with streptozotocin (STZ)
or nicotinamide and streptozotocin (NA/STZ). Results are presented as means + SEM (n = 7-10).
Kruskal-Wallis ANOVA followed by Mann-Whitney U test were used for evaluation of the significance
of the results. * p < 0.05, ** p < 0.01, *** p < 0.001—significantly different from the control group (C).

Table 3. Effect of trigonelline (50 mg/kg p.o. for four weeks) on mechanical properties of the tibial
metaphysis (Young’s modulus and the parameters for the yield point and the fracture point) in rats
treated with streptozotocin (STZ) or nicotinamide and streptozotocin (NA/STZ).

Parameter/Group Control STZ . STz * NA/STZ NA/STZ. *
Trigonelline Trigonelline

Young’s modulus (MPa) 3299 + 287 2971 + 340 3037 + 341 3366 + 252 3436 + 242

Yield point load (N) 70.1 £ 114 31.6 +4.7* 21.8 £3.1* 70.0 £ 8.6 620+77
Displacement for yield point load (mm) 0.426 +0.065  0.278 + 0.031  0.165 + 0.028 **©  0.463 £ 0.067  0.375 £ 0.059
Energy for yield point load (m]) 16.62 + 4.49 415+091% 1.98 £ 0.50 ** 17.77 £4.69 1236 £ 3.64

Stress for yield point load (MPa) 62.6 + 9.8 33.1+49* 232 4+3.9* 647 +74 58.1 +8.1

Fracture load (N) 93.5+ 6.0 412 £2.9 % 33.1 + 4.1 % 780 +4.1 909 +7.2
Displacement for fracture load (mm) 1.092 +0.042  0.859 + 0.049 **  1.121 + 0.093 © 1.124 + 0.041 1.021 +0.032
Energy for fracture load (mJ]) 79.76 £ 4.81 3090 +3.69**  37.10 £ 4.66 *** 7288 £375  69.71 +2.65

Stress for fracture load (MPa) 83.5+ 5.6 43.2 4+ 3.6 *** 33.9 + 3.6 *** 730+ 4.6 853+ 79

Results are presented as means + SEM (1 = 7-10). Kruskal-Wallis ANOVA followed by Mann-Whitney U test
were used for evaluation of the significance of the results. * p < 0.05, ** p < 0.01, *** p < 0.001—significantly
different from the control group, © p < 0.05—significantly different from the STZ group.

3.2. Effect of Trigonelline on the Skeletal System of Rats with Streptozotocin-Induced Diabetes

Administration of trigonelline (50 mg/kg p.o. daily) for four weeks to the rats, in which the
diabetes was induced two weeks earlier, did not affect the body mass and the non-fasting glucose
levels in relation to the diabetic control rats (Table 1). There was also no effect of trigonelline on the
fasting glucose levels (not shown).

Trigonelline intensified the diabetes-induced worsening of the mineralization of the tibia and
femur. Although mass (not shown), BMC, bone area, and BMD were not significantly affected, the ratio
of the bone mineral mass to bone mass further decreased and the ratio of the bone water mass to bone
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mass increased in the long bones in relation to the control rats with streptozotocin-induced diabetes
(Figure 1, Table 2). Trigonelline tended to intensify the unfavorable changes induced by the diabetes in
the bone mechanical properties (Figure 2, Table 3). There was no significant effect of trigonelline on
the serum bone turnover markers (Table 1).

3.3. Skeletal Changes in Nicotinamide/Streptozotocin-Treated Rats

The injection of nicotinamide (230 mg/kg i.p.) 15 min before the streptozotocin administration
counteracted the development of the diabetes. The control nicotinamide/streptozotocin-treated rats
had only increased blood glucose levels at the first days of the experiment in relation to the healthy
control rats (by 19.7%, 9.4% and 17.4%, after 3, 7, and 14 days, respectively). The body mass gain was
unaffected (Table 1).

After six weeks from the nicotinamide and streptozotocin administration, bone mass (not shown),
BMC, and the ratio of the bone mineral mass to the bone mass were slightly lower than in the healthy
control rats. BMD in the tibia and vertebra decreased (significantly in the vertebra; Figure 1). The ratio
of the bone water mass to bone mass significantly increased in the tibia (Table 2).

The nicotinamide/streptozotocin-treated control rats had slightly worsened mechanical properties
of the tibial metaphysis (a significant decrease in the maximum load in comparison with the healthy
controls; Figure 2, Table 3). There was no effect on the mechanical properties of the femoral diaphysis
and neck (not shown).

There was no effect of nicotinamide and streptozotocin administration on the serum bone
resorption marker, and the level of the bone formation marker (osteocalcin) was increased in
comparison with the healthy controls (Table 1).

3.4. Effect of Trigonelline on the Skeletal System of Rats Treated with Nicotinamide and Streptozotocin

Administration of trigonelline (50 mg/kg p.o. daily) for four weeks to the rats, to which
nicotinamide and streptozotocin were given two weeks earlier, did not affect the body mass and
the glucose levels in rats. There was also no effect of trigonelline on the serum bone turnover markers
(Table 1).

Administration of trigonelline to the nicotinamide/streptozotocin-treated rats induced slight
increases in the bone mass, BMC and the ratio of bone mineral mass to the bone mass (changes
statistically insignificant; Figure 1, Table 2) in relation to the nicotinamide/streptozotocin-treated
control rats. However, BMD in the tibia and vertebra significantly increased (Figure 1).

Cancellous bone mechanical properties of the nicotinamide/streptozotocin-treated rats tended to
improve after trigonelline administration (the parameters for the maximum load and fracture points of
the tibial metaphysis; Figure 2, Table 3). There was no trigonelline effect on the mechanical properties
of cortical bone of the femoral diaphysis (not shown).

4. Discussion

Pathogenesis of adverse skeletal effects in diabetes is complex. Type 1 diabetes in humans leads to
decreased BMD and increases the risk of fractures. In type 2 diabetes, although the reduction in BMD
is not observed, the fracture risk is also increased [22-24]. In both types of diabetes, hyperglycemia and
increased oxidative stress occur [2,25]; the increased oxidative stress intensifies bone resorption and
inhibits bone formation [26]. Moreover, the antidiabetic therapy (thiazolidinediones, SGLT2 inhibitors)
may contribute to adverse diabetes effects on the skeletal system [27].

One of the most widely used experimental models of type 1 diabetes is diabetes induced by
a single administration (i.v. or i.p.) of streptozotocin in rats or mice, which causes destruction of
pancreatic 3 cells and severe hyperglycemia [16]. In the present study, the streptozotocin-treated rats
developed diabetes, with hyperglycemia, polydipsia, polyuria, and decreased body mass. Six weeks
after the induction of diabetes, very profound changes in the skeletal system were demonstrated,
consistent with previous studies [28-30]. Bone mass, mineralization (the ratio of bone mineral mass to
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the bone mass, BMC, and BMD) and mechanical properties of cancellous bone (the proximal tibial
metaphysis) dramatically worsened, whereas the strength of compact bone (the femoral diaphysis)
was only slightly affected. The decrease in the relative content of the bone mineral was accompanied
by an increase in the bone water relative content. Measurements of serum bone turnover marker levels
demonstrated that bone resorption was intensified, and bone formation was decreased, as previously
described [30,31].

Administration of nicotinamide before the streptozotocin injection to the rats exerts a
dose-dependent protective action on {3 cells, preventing their complete destruction [17]. Some changes
corresponding to type 2 diabetes were demonstrated to develop in this model [32,33]. In the present
study, nicotinamide in a dose of 230 mg/kg almost completely prevented the streptozotocin action on
B cells, since only slight increases in the blood glucose levels were observed in the first two weeks after
nicotinamide and streptozotocin administration. Although diabetes did not develop, apparently due
to high nicotinamide dose, slight but significant worsening of bone mineralization (vertebral BMD)
and cancellous bone mechanical properties developed in the nicotinamide/streptozotocin-treated
control rats during the six-week period of the experiment. According to Masiello [32], even
those nicotinamide/streptozotocin-treated rats which did not develop hyperglycemia were glucose
intolerant. The skeletal changes observed after nicotinamide/streptozotocin administration might
have resulted from some disturbances of glucose metabolism. However, since the design of our study
did not enable to confirm this supposition, the direct detrimental effect of the single streptozotocin
dose on the skeletal system in those rats cannot be excluded.

There is an established link between bone remodeling and energy metabolism, since insulin
regulates osteocalcin secretion and activation, and osteocalcin favors insulin secretion by {3 cells and
insulin tissue sensitivity. Insulin resistance in bone, due to decreased osteocalcin activity, leads to
decreased tissue sensitivity to insulin [34,35]. However, in the present study, serum osteocalcin levels
were only slightly decreased in the diabetic control rats, and they were significantly increased in
nicotinamide/streptozotocin-treated rats in relation to the healthy controls.

Trigonelline, administered to the rats at a dose of 50 mg/kg p.o. daily, did not affect
non-fasting blood glucose levels during the whole four-week period of administration both in
streptozotocin- and nicotinamide/streptozotocin-treated rats. Previously, trigonelline has been
reported to exert antihyperglycemic effect in alloxan-induced (type 1) diabetes in rats and in rat
and mouse models of type 2 diabetes [14,36-38]. It should be pointed out that, in the present study,
the nicotinamide/streptozotocin-treated rats were already normoglycemic when the trigonelline
administration started. Another reason that trigonelline effect on the glucose levels was not observed
in the present study may be related to trigonelline pharmacokinetics. Trigonelline was reported to be
well available in rats, with t; /, of 215.9 min [39]. It is possible that at the moment of the measurement,
on the next day after the last trigonelline administration, the antihyperglycemic effect was not present
any more. Nevertheless, we were interested mainly in the effect of trigonelline on the skeletal system.

Results of the present study confirmed our hypothesis that trigonelline may influence the skeletal
system in diabetic rats. Trigonelline differentially affected the skeletal system in the two models
used in the present study: it induced unfavorable effects in rats with streptozotocin-induced diabetes
and favorable ones in nicotinamide/streptozotocin-treated rats. In rats with type 1 diabetes induced
by streptozotocin, trigonelline worsened bone mineralization (further decreasing the ratio of bone
mineral mass to bone mass and increasing the ratio of bone water mass to bone mass in the long
bones) and tended to worsen cancellous bone mechanical properties (the tibial metaphysis). On the
contrary, trigonelline significantly increased BMD and tended to improve cancellous bone strength in
the nicotinamide/streptozotocin-treated rats. Taking into account the diversity of molecular targets of
trigonelline, the mechanisms involved in those opposite effects may be speculated.

It is possible that differential modulation of oxidative stress parameters by trigonelline is
responsible for its differential skeletal effects in the two used rat models. Increased oxidative stress
is involved in development both of osteoporosis [26,40] and diabetic complications [25,41,42]. Trigonelline
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has been reported to attenuate the oxidative stress in different models of type 2 diabetic rats:
Goto-Kakizaki rats [43], neonatally streptozotocin-treated rats [44], and high-fat diet streptozotocin-treated
rats [37,45]. The favorable trigonelline effects on bones of nicotinamide/streptozotocin rats in the
present study might have also resulted from the amelioration of the oxidative stress. On the other
hand, trigonelline is an inhibitor of nuclear factor erythroid derived 2-related factor 2 (Nrf2) [46] and is
currently used as a tool compound in studies on Nrf2 [47,48]. Activation of Nrf2 pathway is one of
the most important defense mechanisms against oxidative stress. In the presence of Nrf2-inducing
chemicals or oxidative stimulus, Nrf2 induces transcription of different antioxidant, detoxification,
and metabolic control genes [49,50]. In conditions of highly increased oxidative stress parameters,
trigonelline, as an Nfr2 inhibitor, may prevent Nfr2 protective effects, which would explain the
intensification of the deleterious skeletal effects of streptozotocin-induced type 1 diabetes in the
present study.

Another possible mechanism of the unfavorable trigonelline effect on the skeletal system of the
diabetic rats is that it may activate PPARy [45], similarly to thiazolidinediones, antidiabetic drugs with
established deleterious effects on bone [27]. However, trigonelline was also reported to downregulate
PPARYy regulated pathways in adipocytes [51].

Results of the present study are consistent with our previous observations [15] that trigonelline
unfavorably affected the skeletal system of estrogen-deficient rats (bilaterally ovariectomized),
intensifying the development of osteoporotic changes in cancellous bone, but did not adversely
affect bones of the healthy control rats. The deleterious skeletal effect had been not expected, since
trigonelline was reported to exert estrogenic actions in murine MCF7 (breast cancer) cells [52]. Since
trigonelline slightly increased the uterus mass in estrogen-deficient rats in our previous experiment,
we speculated that trigonelline acted in those rats as an estrogen receptor modulator with an undesired
profile of activity: agonistic in the uterus and antagonistic in bone. Based on those results, we proposed
that trigonelline may contribute to deleterious effects of high coffee intake on the skeletal system in
humans [15]. Results of the present study support this hypothesis.

Although trigonelline is thermolabile and degrades during the roasting [53], it is still present
in roasted coffee (2.8 to 9.6 mg/g in Arabica coffee samples [10]; 5.3 mg/g in strongly roasted
espresso-type coffee [53]). Trigonelline is readily absorbed after drinking of coffee brew [54]. It should
be pointed out that the trigonelline dose (50 mg/kg p.o. daily), used in the present study in rats,
corresponds to a dose of 5 mg/kg in man (350 mg/70 kg), taking into account the usual conversion
factor of 10, resulting from the faster rat metabolism. Moderate to heavy coffee drinkers can be exposed
to similar trigonelline doses, considering that the trigonelline content in roasted coffee may be of
similar order to that of caffeine [10,11], and an upper limit for moderate caffeine intake for healthy
adult humans is usually thought to be 400 mg (four cups of coffee) daily [6,55].

5. Conclusions

Trigonelline differentially affected the skeletal system of rats with streptozotocin-induced bone
disorders, intensifying the diabetes-induced osteoporotic changes in streptozotocin-treated rats and
favorably affecting bones in non-hyperglycemic (nicotinamide/streptozotocin-treated) rats. The results
indicate that trigonelline, an alkaloid present in coffee, may also differentially affect the skeletal system
in diabetic patients. There is a possibility of adverse skeletal effects of trigonelline (coffee drinking) in
patients with severe hyperglycemia.
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