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Abstract: In diabetes mellitus, the excessive rate of glucose production from the liver is considered
a primary contributor for the development of hyperglycemia, in particular, fasting hyperglycemia.
In this study, we investigated whether kaempferol, a flavonol present in several medicinal herbs and
foods, can be used to ameliorate diabetes in an animal model of insulin deficiency and further
explored the mechanism underlying the anti-diabetic effect of this flavonol. We demonstrate
that oral administration of kaempferol (50 mg/kg/day) to streptozotocin-induced diabetic mice
significantly improved hyperglycemia and reduced the incidence of overt diabetes from 100%
to 77.8%. This outcome was accompanied by a reduction in hepatic glucose production and an
increase in glucose oxidation in the muscle of the diabetic mice, whereas body weight, calorie intake,
body composition, and plasma insulin and glucagon levels were not altered. Consistently, treatment
with kaempferol restored hexokinase activity in the liver and skeletal muscle of diabetic mice while
suppressed hepatic pyruvate carboxylase activity and gluconeogenesis. These results suggest that
kaempferol may exert antidiabetic action via promoting glucose metabolism in skeletal muscle and
inhibiting gluconeogenesis in the liver.

Keywords: kaempferol; insulin deficiency; diabetes; hepatic glucose production; gluconeogenesis;
pyruvate carboxylase

1. Introduction

Glucose levels are controlled by a sophisticated coordination of several pathways in both the
feeding and fasting states. The increase in blood glucose levels in the portal vein post-absorption
increases hepatic glucose uptake and subsequent metabolism, initiated by glucokinase (GCK) or
hexokinase IV [1], and this hence increases glucose utilization and storage by the liver before it gets to
the blood circulation [2]. Meanwhile, increased circulating glucose stimulates insulin secretion from
pancreatic β-cells, which subsequently increases glycogen synthesis while inhibiting gluconeogenesis,
thereby reducing hepatic glucose output [3,4]. In addition, muscle tissue plays a significant role
in disposing blood glucose, which accounts for over one third of total disposed blood glucose as
compared with about 40% by visceral organs (mostly by the liver) [5]. On the other hand, low glucose
levels trigger glucagon release which simultaneously increases glucose production through hydrolysis
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of glycogen as well as gluconeogenesis in the liver [6,7]. Glucagon promotes the transcription of
key glucogenic enzymes such as pyruvate carboxylase (PC) [8], phosphoenolpyruvate carboxykinase
(PEPCK), and glucose-6-phosphatase (G6Pase) [9]. The liver is the major contributor of glucose flux
into the circulation in the fasting state responsible for about 90% of the overall glucose production
with the kidneys generating the rest of glucose output [10]. Besides, peripheral tissues, including the
muscle and adipose tissues, provide the liver with glucogenic precursors, which are suppressed in the
presence of insulin [11].

Type 1 diabetes (T1D) is an autoimmue disease that result from the immune cell-mediated
destruction of pancreatic β-cells, thus causing insulin deficiency and hyperglycemia. T1D accounts
for less than 10% of diabetes cases and accompanied by serious complications [12]. Like Type 2
diabetes (T2D), hepatic and peripheral glucose uptake and metabolism are also altered in T1D [13],
which are associated with reduced GCK [14] and muscle hexokinase II (HK II) protein expression [15].
Additionally, it is accompanied by excessive hepatic glucose production which primarily contributes to
fasting hyperglycemia, the hallmark of diabetes [16]. Due to insulin deficiency, glucagon stimulation
of the key glucogenic enzymes is not restrained [17]. Indeed, the use of agents that suppress
glucagon [18] or its action can prevent hyperglycemia in insulin-deficient rodent models of diabetes [19].
Despite advances in understanding T1D, there is no cure for it, and therefore patients require insulin
administration for survival [20]. Continuous glucose monitoring and intensive treatment showed
improvements in glycemic control of adult patients but weren’t efficient in younger patients who are
more commonly diagnosed with this disease [21].

Kaempferol, a flavonol present in several medicinal herbs and edible plants [22], exerted
many pharmacological activities in preclinical studies [23]. It has been reported that kaempferol
elicits a number of health benefits, including anti-oxidative [24,25], anti-inflammatory [26,27],
anti-hypertensive [28,29], lipolytic [30,31], and anti-carcinogenic effects [32–34]. However, limited
number of studies examined the anti-diabetic properties of this compound. In the present study, we
examined whether kaempferol possess anti-diabetic properties in a type 1-like diabetes, which was
induced by intraperitoneal (ip) injection of multiple low doses of streptozotocin (STZ) to lean mice fed
a standard chow (SD) diet [35]. Our data show that kaempferol treatment significantly ameliorated
hyperglycemia in the short and long-term of treatment. Kaempferol treatment restored the activity
of key enzymes, which play crucial roles in glucose metabolism such as hexokinases in the liver and
muscle. Kaempferol reduced glucose output in the liver of diabetic mice, which was associated with a
decrease in PC activity and glycogenolysis. These changes were independent of body weight gain,
body composition, or changes in plasma insulin levels of diabetic mice. The data from this study
indicate that kaempferol could be used for mitigating hyperglycemia caused by insulin deficiency.

2. Results

2.1. Kaempferol Treatment Ameliorated HyperGlycemia in Diabetic Mice

To determine whether kaempferol is capable of reversing or ameliorating hyperglycemia following
overt diabetes, we generated insulin deficient diabetic mice by injecting multiple low doses of STZ [36].
Mice with non-fasting blood glucose levels >350 mg/dL after 3 weeks post-STZ administration were
then treated with kaempferol or vehicle for 12 weeks. Kaempferol treatment significantly reduced
both fasting (Figure 1a) and non-fasting (Figure 1b) blood glucose levels of diabetic mice. Consistently,
STZ-induced diabetic mice displayed severe glucose intolerance during an intraperitoneal glucose
tolerance test, which was ameliorated by kaempferol treatment (Figure 1c,d). While diabetic mice had
significantly lower non-fasting plasma insulin levels than those in non-diabetic mice, kaempferol
had no effect on the circulating insulin levels in the diabetic mice during the treatment period
(Figure 1e), suggesting that better glycemic control elicited by kaempferol treatment is not related to
any improvements of the insulin secretory function of pancreatic islets. Previous studies showed that
mice with non-fasting blood glucose levels above 300 mg/dL are considered diabetic [37]. Based on this
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diagnostic threshold, we calculated the percentage of diabetes before and 12 weeks after kaempferol
treatment. We found that kaempferol reduced the incidence of overt diabetes from 100% to 77.8%,
whereas the percentage of diabetic mice in the control group remained at 100% with glucose levels of
greater than 400 mg/dL (Figure 1f).
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Figure 1. Oral administration of kaempferol improved glucose control in STZ-induced diabetic mice.
(a) Fasting and (b) non-fasting blood glucose levels were measured at indicated time points during
12 weeks of kaempferol treatmnet. GTT (c) was performed as described in the Method section after
6 weeks of kaempferol treatment. The area under the curve (AUC) for GTT (d) was calculated.
(e) Non-fasting blood was withdrawn at week 3, 7, and 9 after treatment for measuring plasma insulin
levels. (f) The percentage of mice with non-fasting blood glucose levels of >300 mg/dL was calculated
at the beginning and after 11 weeks of kaempferol treatment. Data are shown as Mean ± SEM
(n = 9). * p < 0.05 vs. non-diabetic mice; # vs. STZ-induced diabetic mice. Control: nondiabetic mice;
STZ: STZ-induced diabetic mice; STZ + Kaemp: STZ-induced diabetic mice treated with kaempferol
(50 mg/kg BW).

However, oral provision of kaempferol did not exert any effect on body weight (BW) (Figure 2a),
food intake (Figure 2b), fat mass (Figure 2c) or lean mass (Figure 2d). Consistently, the inguinal
and visceral fat contents were significantly lower in diabetic mice as compared with those in
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nondiabetic control mice, and kaempferol had no effect on these parameters (Figure 2e). To assess
the effect of kaempferol treatment on lipid profiles, we measured the concentrations of plasma
lipids. We observed that untreated diabetic mice had lower total cholesterol, HDL-cholesterol
(p < 0.05), and LDL-cholesterol (p < 0.05) levels when compared to those in non-diabetic mice.
Kaempferol treatment reversed these changes to the levels similar to those seen in non-diabetic
mice, but triglycerides levels were not different between all groups (Figure 2f).
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Figure 2. Kaempferol treatment for 12 weeks did not alter BW, calorie intake, or body composition,
but restored lipid profiles in STZ-induced diabetic mice. (a) BW of the individual mouse was measured
weekly. (b) Food intake was recorded weekly, and the average daily food intake was calculated.
Body composition including fat mass (c), and lean mass (d) were measured at 0, 4, and 8 weeks of
treatment. At the end of the study, (e) inguinal and visceral fat were weighed and (f) plasma lipid
profile were analyzed. Data are shown as Mean ± SEM (n = 9). * p < 0.05 vs. Control nondiabetic mice.
Control: nondiabetic mice; STZ: STZ-induced diabetic mice; STZ + Kaemp: STZ-induced diabetic mice
treated with kaempferol (50 mg/kg BW).
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To confirm the anti-diabetic effect of kaempferol, a second study was performed to further
evaluate whether kaempferol treatment is still effective when mice are severely diabetic. In that regard,
mice became overt diabetic for 6 weeks with non-fasting blood glucose levels over 500 mg/dL before
initiating treatment with kaempferol. Consistently, we observed that kaempferol did not affect BW
or food intake during the time course of the study (Figure 3a,b). Consistently, kaempferol treatment
for 1 week already ameliorated hyperglycemia in the non-fasting state (Figure 3c), similar to the
observation in the first animal study. However, it took longer time (4 weeks of treatment vs. 2 weeks
in the first study) for kaempferol to ameliorate fasting blood glucose (Figure 3d). These findings
confirmed that kaempferol is effective in ameliorating hyperglycemia, and it is more effective in
ameliorating hyperglycemia in mice if the treatment started at the earlier stage of diabetes.
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Figure 3. Kaempferol treatment for 6 weeks improved hyperglycemia without altering BW or food
intake in STZ-induced severely diabetic mice. (a) BW was measured every week. (b) Food intake was
measured weekly and are expressed as daily food intake. (c) Non-fasting and (d) fasting blood glucose
levels were measured at indicated time points of dietary treatment. Data are shown as Mean ± SEM
(n = 8–9). * p < 0.05 vs. non-diabetic mice; # vs. STZ-induced diabetic mice. Control: nondiabetic mice;
STZ: STZ-induced diabetic mice; STZ + Kaemp: STZ-induced diabetic mice treated with kaempferol
(50 mg/kg BW).
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Figure 4. Kaempferol treatment for 12 weeks decreased hepatic glucose production from pyruvate and
reduced PC activity without altering protein expressions of PC, PEPCK, or G6Pase in STZ-induced
diabetic mice. PTT (a) was performed as described in the Method section, and the area under the curve
(AUC) of PTT (b) was calculated. (c,g) PEPCK, (d,g) PC, and (e,g) G6Pase protein levels in the livers
were measured by Western blot normalized to total protein contents in whole cell lysates. (f) PC activity
was measured as described in the Method section. Data are shown as Mean ± SEM (n = 8–9). * p < 0.05
vs. non-diabetic mice; # vs. STZ-induced diabetic mice. Control: nondiabetic mice; STZ: STZ-induced
diabetic mice; STZ + Kaemp: STZ-induced diabetic mice treated with kaempferol (50 mg/kg BW).
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2.2. Kaempferol Suppressed Hepatic Gluconeogenesis

To determine the anti-diabetic mechanism of kaempferol in mice, we first evaluated
gluconeogenesis by performing pyruvate tolerance test. Hepatic glucose production increased (p < 0.05)
in diabetic mice as compared to non-diabetic mice [38]. As shown in Figure 4a,b, kaempferol treatment
suppressed hepatic gluconeogenesis (p < 0.05), thereby glucose output in diabetic mice. Next, we
measured fasting circulating glucagon and insulin levels and calculated insulin to glucagon molar ratio.
There were no significant differences in glucagon or insulin levels between treated and control diabetic
mice. Also, the ratio of these two hormones was not altered by kaempferol treatment (Figure 5a–c).
Further, we examined the key enzymes that regulate gluconeogenesis in the liver including PC, PEPCK,
and G6Pase. Kaempferol treatment had no effect on PEPCK (Figure 4c,g), PC (Figure 4d,g), or G6Pase
(Figure 4e,g) protein levels in diabetic mice. Diabetic mice displayed significantly higher PC activity
as compared with healthy mice, but kaempferol significantly suppressed the elevated PC activity
in diabetic mice (Figure 4f). These results suggest that kaempferol improves glycemic control in
diabetic mice at least in part through suppressing gluconeogenesis in the liver, and further suggest that
kaempferol may inhibit gluconeogenesis via regulating pyruvate carboxylation, the first and critical
step in gluconeogenesis.
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Figure 5. Kaempferol had no effect on the concentrations of circulating plasma insulin or glucagon
levels. After 12 weeks of treatment with kaempferol, (a) glucagon, and (b) insulin levels in the blood were
measured using ELISA kits, and (c) their molar ratio was calculated. Data are shown as Mean ± SEM
(n = 8–9). * p < 0.05 vs. Control nondiabetic mice. Control: nondiabetic mice; STZ: STZ-induced diabetic
mice; STZ + Kaemp: STZ-induced diabetic mice treated with kaempferol (50 mg/kg BW).

2.3. Kaempferol Increased GCK Activity and Glycogen Content in the l-Liver without Affecting Glucose Oxidation

In insulin-deficient mice, GCK expression in the liver decreases, which impairs hepatic glucose
uptake and utilization [14]. We found that diabetic mice had lower GCK protein levels when compared
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to non-diabetic mice, while glucokinase regulatory protein (GCKRP) protein levels was similar between
groups. Kaempferol treatment restored GCK activity (p < 0.05), whereas it had no effect on either GCK
or GCKRP protein expression in diabetic mice (Figure 6a–c,e). This increase in the activity of GCK in
the liver can direct more glucose into glycogen synthesis and indirectly reduces the overall glucose flux
from the liver [1,2]. To determine whether kaempferol decreases glycogenolysis, thereby contributing
to the reduced glucose output as noticed in kaempferol-treated mice, we measured glycogen contents
in the liver.
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Figure 6. Kaempferol increased GCK activity and glycogen contents in STZ-induced diabetic mice.
Diabetic mice were treated with kaempferol for 12 weeks. (a,e) Hepatic GCK, and (b,e) GCKRP protein
levels were measured by Western blot and normalized to total protein contents. Hexokinase activity
(c) and glycogen content (d) in the liver were measured as described in the Method section. (f) Glucose
oxidation was evaluated in fresh mouse liver homogenates using 14C-labeled glucose as described in
the Method section. Data are shown as Mean ± SEM (n = 8–9). * p < 0.05 vs. non-diabetic mice; # vs.
STZ-induced diabetic mice. Control: nondiabetic mice; STZ: STZ-induced diabetic mice; STZ + Kaemp:
STZ-induced diabetic mice treated with kaempferol (50 mg/kg BW).
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As shown in Figure 6d, diabetic mice had lower glycogen contents (p < 0.05) as compared with the
non-diabetic mice. However, treatment with kaempferol partially restored glycogen contents (p < 0.05)
in diabetic mice (Figure 6d). To examine whether kaempferol may have any effect on channeling
glucose to other destinations, we measured glucose oxidation in the liver. There was no effect of
kaempferol treatment on glucose oxidation in the liver (Figure 6f).

2.4. Kaempferol Increased Hexokinase Activity and Glucose Oxidation in Red Muscle

Insulin stimulates the transport and uptake of glucose [39] and consequently increases hexokinase
activity in muscle [40]. Activation of hexokinase induces glucose phosphorylation that subsequently
triggers glycolysis and glycogen synthetic processes [41]. Therefore, insulin deficiency reduces
muscle glucose uptake as well as glucose metabolism. To examine whether kaempferol affected
glucose metabolism in skeletal muscle, we measured hexokinase protein level and activity as well
as glucose oxidation. Diabetic mice had significantly lower hexokinase protein levels as compared
with non-diabetic mice. Consistent with the observation in the liver, kaempferol restored the reduced
hexokinase activity to the level comparable to that in nondiabetic mice (Figure 7a,b).
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Figure 7. Kaempferol increased hexokinase activity and glucose oxidation in red skeletal muscle
of STZ-induced diabetic mice. Following 12 weeks of treatment with kaempferol, (a) mouse liver
hexokinase concentration and (b) activity were measured and normalized to total protein contents
in the cell lysates. (c) Glucose oxidation in fresh mouse muscle homogenates was assayed using
14C-labeled glucose as described in the Method section. Data are shown as Mean ± SEM (n = 8–9).
* p < 0.05 vs. Control nondiabetic mice. Control: nondiabetic mice; STZ: STZ-induced diabetic mice;
STZ + Kaemp: STZ-induced diabetic mice treated with kaempferol (50 mg/kg BW).
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In addition, kaempferol increased glucose oxidation in skeletal muscle (p < 0.05) (Figure 7c),
which could be the secondary action whereby kaempferol treatment improved hexokinase activity.
These findings suggest that kaempferol enhanced glucose metabolism in skeletal muscle of the
diabetic mice.

3. Discussion

In this study, we demonstrate that a single daily dose of kaempferol via gavage can significantly
ameliorate hyperglycemia and enhance glucose tolerance in insulin deficient mice, which is associated
with increased glucose disposal and utilization, in particular, oxidation in muscle tissue and suppressed
hepatic glucose production. These favorable outcomes are mediated by normalizing the activity of
the regulatory enzymes involved in controlling glucose metabolism and homeostasis. These effects
of kaempferol were independent of insulin or glucagon concentrations and were not accompanied
by changes in BW gain, food intake, or body composition. In both T1D and T2D, dysregulated
glucose metabolism characterized by the combination of reduced glucose utilization and increased
hepatic glucose production plays an important role in the deterioration of blood glucose control.
Thus, kaempferol could be used as an adjuvant treatment for maintaining glucose homeostasis by
targeting the glucose production and metabolic pathways.

The reciprocal relationship between the hormones glucagon and insulin in the regulation of
glucose homeostasis is disrupted in STZ-induced diabetic mice due to the destruction of β-cells [42].
Therefore, the amount of insulin secreted from the residual β-cells is insufficient to oppose glucagon
action on hepatic glucose production or to inhibit its secretion, which results in excessive glucose
production [43,44]. In the present study, it is evident that kaempferol treatment lowered blood glucose
levels both in the fasting and non-fasting states without altering insulin or glucagon concentrations
in diabetic mice. However, after 11 weeks of treatment with kaempferol, diabetic mice remained
hyperglycemic, suggesting that kaempferol is not sufficient in reversing diabetes in this animal model.
The improved glucose control in kaempferol-treated mice can be partially explained by the increase
in the activity of hexokinases in the liver and skeletal muscle due to their significant role in glucose
disposal and metabolism. While insulin promotes the transcription of the major hexokinase in the liver,
GCK, glucagon inhibits it [45]. Although our results show that kaempferol non-significantly increased
GCK protein levels, which were still lower than those in non-diabetic mice, its activity was completely
restored by kaempferol treatment. However, it is still unclear how kaempferol increased GCK activity.

GCK activity is regulated by a specific protein, GCKRP, which sequesters GCK in the nucleus in
its inactive form during fasting while releasing it to the cytoplasm when glucose supply increases [46].
While we found that kaempferol did not alter GCKRP protein expression, it could modulate
GCKRP-GCK interaction, thereby affecting its cytoplasmic translocation. It was reported that some
flavonoids are potent inhibitors of p300 acetyltransferase (HAT) activity, thereby suppressing the
acetylation of its targeted proteins [47,48]. Interestingly, recent studies showed that GCKRP in
hepatocytes can be acetylated by p300 HAT, leading to the inhibition of GCKRP-GCK dissociation
and thereby GCK nuclear export [49,50]. In the livers of obese diabetic mice, it was found that both
p300 HAT activity [51] and GKRP acetylation levels [49] were elevated, and inhibition of p300 HAT
improved insulin sensitivity and glucose control [51]. Consistently, deacetylation of GCKRP dissociates
it from GCK, leading to improved hepatic glucose metabolism and glucose tolerance in obese diabetic
mice [49,50]. These results underscore an important role for p300 HAT in dysregulated hepatic glucose
metabolism mediated via acetylation GCKRP. Therefore, it is intriguing to speculate that kaempferol
may increase GCK activity through inhibition of p300 HAT-mediated GCKRP acetylation, which could
occurs via hydrophobic interaction between its aromatic moiety and the enzyme [52].

It is well established that glucose disposal is facilitated by the combined influence of both
glucose and insulin [53]. In the muscle tissue, insulin was reported to stimulate glucose transport
and phosphorylation [54], which is then routed to different destinies; oxidation, glycogen synthesis,
or glycolysis pathway [55,56]. Insulin can also increase the activity of muscle hexokinase through
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increasing its protein level and modifying the already existing kinase [40]. In the present study,
hexokinase levels and activity, as well as glucose oxidation, were decreased in the muscle of
insulin-deficient diabetic mice. However, kaempferol restored hexokinase function and increased
the rate of glucose oxidation. The increase in glucose oxidation observed in skeletal muscle of
kaempferol-treated mice might be secondary whereby kaempferol increased hexokinase activity,
which in turn stimulates glycolysis [41]. Further, it has been shown that the increase in hexokinase
activity is accompanied with an increase in the membrane translocation of the primary glucose
transporter (GLUT4) [57], which subsequently increases glucose uptake [58], suggesting that
kaempferol may increase glucose uptake and utilization via modulating this pathway. However,
studies are still needed to decide whether these molecules are directly targeted by kaempferol.

T1D is associated with lipoprotein abnormalities [59]. Although the abnormalities may vary, it is
documented that T1D subjects may experience normal to low levels of blood lipoprotein concentrations
compared to healthy subjects [60]. Similar findings were observed in SD-fed STZ-induced diabetic
mice [61]. Here we show that kaempferol reversed the abnormalities of LDL and HDL concentrations
that might be due to improvements in glucose control [62]. Nevertheless, the defects in composition and
size of lipoproteins, and in particular LDL [63] may lead to atherosclerosis in diabetic subjects [59,60]
and experimental animals [61]. Thus, experiments may be necessary to help understand how
kaempferol improves lipoprotein synthesis and metabolism.

Excessive glucose production contributes significantly to hyperglycemia in experimental
diabetes [64] and T1D subjects [16]. PC, a mitochondrial enzyme, catalyzes the reaction that produces
oxaloacetate from pyruvate, the initial and critical step in gluconeogenesis [65]. While the functions
and regulation of PC are still under investigation [66], its crucial role in the control of gluconeogenesis
is well-established [8,67,68]. Recently, it has been proposed that reducing PC activity in the liver is
a potential target for reducing hepatic glucose production from gluconeogenesis [69]. Therefore, the
anti-diabetic action of kaempferol observed in the present study is at least partially ascribed to its
suppressing action on hepatic glucose production, as examined by performing the pyruvate tolerance
test. This effect of kaempferol might be mediated via inhibiting the activity of PC. Additionally,
increased liver glycogen content, which could be due to the reduced glycogenolysis, may also be a
contributor to the overall decreased glucose output detected in mice treated with kaempferol. However,
the mechanism by which kaempferol reduces PC activity and glycogenolysis in the liver is currently
unknown. Further research is needed to study these pathways.

In summary, we provide evidence that oral provision of kaempferol improved glucose control in
insulin-deficient diabetic mice. This effect of kaempferol was accompanied by a reduction in hepatic
gluconeogenesis and improved metabolism in the liver and skeletal muscle. These results indicate that
kaempferol, which is naturally present in several plants, may be an anti-diabetic agent to be used as an
adjuvant treatment for diabetes. More research is needed to elucidate the underlying mechanism by
which kaempferol regulates gluconeogenesis and glucose metabolism.

4. Methods

4.1. Mice, STZ Administration, and Kaempferol Treatment

Male (5.5 mo old) C57BL/6 male mice (Envigo, Indianapolis, IN, USA) were kept on a 12-h
light/dark cycle at constant temperature (22–25 ◦C) and have ad libitum access to a standard rodent
chow (SD) diet and water. All experimental protocols were approved by the Institutional Animal Care
and Use Committee at Virginia Tech (protocol#: IACUC-14-197). For the first study, diabetic mouse
model was developed with intraperitoneal injection of STZ (40 mg/kg BW) for 4 consecutive days.
Control mice were given the same amount of vehicle (10 mM sodium citrate, pH 4.5). Three weeks
after STZ injection, mice with sustained hyperglycemia of >350 mg/dL were divided into 2 groups
(n = 9 mice/group), with non-fasting blood glucose levels, BW, and body composition balanced among
groups, and then given either kaempferol (50 mg/kg/day dissolved in 2% 2-methyl cellulose) or
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vehicle by oral gavage for 12 weeks. Nondiabetic mice (n = 9 mice) served as a control group and
received the vehicle. For second animal study, STZ-induced diabetic mice (C57BL/6 male) were
divided into 2 groups (n = 8–9 mice/group). Six weeks after STZ injection, mice were administered
kaempferol (50 mg/kg/day dissolved in 2% 2-methyl cellulose) or vehicle by oral gavage for 7 weeks.

4.2. Metabolic Studies

BW and food intake were measured every week through the study. Blood glucose levels were
measured biweekly using a glucometer (Kroger, Cincinnati, OH, USA). Body composition of the mice
was examined at 0, 4, and 8 weeks after treatment using an LF-90 instrument (Bruker Optics, Inc.,
Billerica, MA, USA). Four and 6 weeks after treatment with kaempferol, mice fasted for 15 h were
administered via i.p., injection a single dose of pyruvate (1 g/kg BW), or glucose (1 g/kg BW) for
pyruvate and glucose tolerance tests, respectively. Blood glucose levels were then measured at 0, 30,
60, 90, and 180 min and 0, 15, 30, 60, and 120 min after administration of pyruvate or glucose. The area
under the curve (AUC) for these tests was calculated using the trapezoidal rule [70]. At the end of the
study, the mice were fasted for 15 h and were then euthanized between 9–11 a.m. Blood was collected
immediately, and various organs were weighed and snap-frozen in liquid nitrogen and then stored at
−80 ◦C for further analyses. Plasma lipid profile was analyzed by enzymatic methods using assay kits
(Teco Diagnostics, Anaheim, CA, USA). Plasma insulin levels were measured using an ultrasensitive
mouse insulin ELISA kit (Mercodia, Inc., Uppsala, Sweden). Plasma glucagon levels were measured
using mouse glucagon ELISA kit (Crystal Chem, Downers Grove, IL, USA).

4.3. Glucose Oxidation Assay

Fresh mouse liver and muscle (red) samples were used to analyze glucose oxidation as previously
described [71,72] with modifications. Briefly, liver or muscle tissues were homogenized in the buffer
(0.250 M Sucrose, 1 mM EDTA, 0.01 M Tris-HCl, and 2 mM ATP, pH = 7.4). The tissue homogenates
were then incubated with 14C-labeled glucose (American Radiolabeled Chemicals, St. Louis, MO, USA)
at 37 ◦C for 1 h. The 14CO2 generated was trapped with 70% perchloric acid and the resulting sodium
hydroxide was then used to assess CO2 production.

4.4. Enzyme Activity Assays

Enzymatic activity of kexokinase in the liver and muscle tissues were measured using an assay kit
(Biomedical Research Services Center, Buffalo, NY, USA) as described [73]. The activity of hexokinase
in the cell lysates was calculated using this equation: IU/L unit= µM/(L·min) = (O.D. × 1000 ×
110 µL/(30 min × 0.6 cm× 18 × 10 µL). Pyruvate carboxylase activity was measured using a citrate
synthase-coupled reaction as previously described [74].

4.5. Glycogen Content Measurement

Mouse liver was homogenized in phosphate buffer (pH 7.0), centrifuged (9500 rpm for 10 min
at 4 ◦C), and the supernatants were then collected for measuring glycogen concentrations using a kit
(Cayman, Ann Arbor, MI, USA).

4.6. Western Blot Analysis

Tissue lysates were resolved on 10% SDS-PAGE gels, blotted onto nitrocellulose membranes,
and then probed with antibody against PEPCK (H-300), G6Pase (H-60), PC (H-300), GCK (H-88),
or GCK regulatory protein (N-19) (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) as we previously
described [75]. The immune-reactive proteins were detected by chemiluminescence and quantified
using ChemiDoc™ Touch Imaging System (Bio-Rad, Hercules, CA, USA). The protein levels were
normalized to those of total protein in the same lane.
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4.7. Statistical Analysis

Data were analyzed with one-way ANOVA using SigmaPlot® software (Systat Software Inc.,
San Jose, CA, USA). Treatment differences were subjected to Duncan’s multiple range test, and a p-value
< 0.05 was considered significant. Values are expressed as mean ± standard error of mean (SEM).

Author Contributions: H.A. conceived and designed the study, conducted research, collected and analyzed
data, performed statistical analysis, and wrote the manuscript; W.M., Y.W., J.L., R.P.M. and W.Z., performed
research; K.Z. and D.L. conceived and designed the study, participated in the interpretation of data, and revised
the manuscript.

Funding: The work was supported by grants from National Center for Complementary and Integrated Health of
National Institutes of Health (1R01AT007077, 1R01AT007566-01) and Virginia Tech Open Access Subvention Fund.
The contents of this manuscript are solely the responsibility of the authors and do not necessarily represent the
official views of the funding agencies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Agius, L. Glucokinase and molecular aspects of liver glycogen metabolism. Biochem. J. 2008, 414, 1–18.
[CrossRef] [PubMed]

2. Pagliassotti, M.J.; Cherrington, A.D. Regulation of net hepatic glucose uptake in vivo. Annu. Rev. Physiol.
1992, 54, 847–860. [CrossRef] [PubMed]

3. Edgerton, D.S.; Cardin, S.; Emshwiller, M.; Neal, D.; Chandramouli, V.; Schumann, W.C.; Landau, B.R.;
Rossetti, L.; Cherrington, A.D. Small increases in insulin inhibit hepatic glucose production solely caused by
an effect on glycogen metabolism. Diabetes 2001, 50, 1872–1882. [CrossRef] [PubMed]

4. Sindelar, D.K.; Chu, C.A.; Venson, P.; Donahue, E.P.; Neal, D.W.; Cherrington, A.D. Basal hepatic glucose
production is regulated by the portal vein insulin concentration. Diabetes 1998, 47, 523–529. [CrossRef] [PubMed]

5. Capaldo, B.; Gastaldelli, A.; Antoniello, S.; Auletta, M.; Pardo, F.; Ciociaro, D.; Guida, R.; Ferrannini, E.;
Sacca, L. Splanchnic and leg substrate exchange after ingestion of a natural mixed meal in humans. Diabetes
1999, 48, 958–966. [CrossRef] [PubMed]

6. Paolisso, G.; Scheen, A.J.; Albert, A.; Lefebvre, P.J. Effects of pulsatile delivery of insulin and glucagon in
humans. Am. J. Physiol. 1989, 257, 686–696. [CrossRef] [PubMed]

7. Jiang, G.; Zhang, B.B. Glucagon and regulation of glucose metabolism. Am. J. Physiol. Endocrinol. Metab.
2003, 284, 671–678. [CrossRef] [PubMed]

8. Jitrapakdee, S.; Vidal-Puig, A.; Wallace, J.C. Anaplerotic roles of pyruvate carboxylase in mammalian tissues.
Cell. Mol. Life Sci. 2006, 63, 843–854. [CrossRef] [PubMed]

9. Klover, P.J.; Mooney, R.A. Hepatocytes: Critical for glucose homeostasis. Int. J. Biochem. Cell Biol. 2004,
36, 753–758. [CrossRef] [PubMed]

10. Cherrington, A.D. Banting Lecture 1997. Control of glucose uptake and release by the liver in vivo. Diabetes
1999, 48, 1198–1214. [CrossRef] [PubMed]

11. Maggs, D.G.; Jacob, R.; Rife, F.; Lange, R.; Leone, P.; During, M.J.; Tamborlane, W.V.; Sherwin, R.S. Interstitial
fluid concentrations of glycerol, glucose, and amino acids in human quadricep muscle and adipose tissue.
Evidence for significant lipolysis in skeletal muscle. J. Clin. Investig. 1995, 96, 370–377. [CrossRef] [PubMed]

12. American Diabetes, A. Diagnosis and classification of diabetes mellitus. Diabetes Care 2010, 33 (Suppl. 1),
S62–S69. [CrossRef] [PubMed]

13. Koivisto, V.A.; Yki-Jarvinen, H. Changes in muscle glucose metabolism in type 1 diabetes. Ann. Med. 1990,
22, 201–205. [CrossRef] [PubMed]

14. Morral, N.; McEvoy, R.; Dong, H.J.; Meseck, M.; Altomonte, J.; Thung, S.; Woo, S.L.C. Adenovirus-mediated
expression of glucokinase in the liver as an adjuvant treatment for type 1 diabetes. Hum. Gene Ther. 2002,
13, 1561–1570. [CrossRef] [PubMed]

15. Frank, S.K.; Fromm, H.J. Effect of Streptozotocin-Induced Diabetes and Insulin-Treatment on the Synthesis
of Hexokinase-Ii in the Skeletal-Muscle of the Rat. Arch. Biochem. Biophys. 1986, 249, 61–69. [CrossRef]

16. Hwang, J.H.; Perseghin, G.; Rothman, D.L.; Cline, G.W.; Magnusson, I.; Petersen, K.F.; Shulman, G.I. Impaired
net hepatic glycogen synthesis in insulin-dependent diabetic subjects during mixed meal ingestion. A 13C
nuclear magnetic resonance spectroscopy study. J. Clin. Investig. 1995, 95, 783–787. [CrossRef] [PubMed]

http://dx.doi.org/10.1042/BJ20080595
http://www.ncbi.nlm.nih.gov/pubmed/18651836
http://dx.doi.org/10.1146/annurev.ph.54.030192.004215
http://www.ncbi.nlm.nih.gov/pubmed/1562194
http://dx.doi.org/10.2337/diabetes.50.8.1872
http://www.ncbi.nlm.nih.gov/pubmed/11473051
http://dx.doi.org/10.2337/diabetes.47.4.523
http://www.ncbi.nlm.nih.gov/pubmed/9568682
http://dx.doi.org/10.2337/diabetes.48.5.958
http://www.ncbi.nlm.nih.gov/pubmed/10331398
http://dx.doi.org/10.1152/ajpendo.1989.257.5.E686
http://www.ncbi.nlm.nih.gov/pubmed/2688437
http://dx.doi.org/10.1152/ajpendo.00492.2002
http://www.ncbi.nlm.nih.gov/pubmed/12626323
http://dx.doi.org/10.1007/s00018-005-5410-y
http://www.ncbi.nlm.nih.gov/pubmed/16505973
http://dx.doi.org/10.1016/j.biocel.2003.10.002
http://www.ncbi.nlm.nih.gov/pubmed/15061128
http://dx.doi.org/10.2337/diabetes.48.5.1198
http://www.ncbi.nlm.nih.gov/pubmed/10331429
http://dx.doi.org/10.1172/JCI118043
http://www.ncbi.nlm.nih.gov/pubmed/7615807
http://dx.doi.org/10.2337/dc10-S062
http://www.ncbi.nlm.nih.gov/pubmed/20042775
http://dx.doi.org/10.3109/07853899009147270
http://www.ncbi.nlm.nih.gov/pubmed/2393555
http://dx.doi.org/10.1089/10430340260201653
http://www.ncbi.nlm.nih.gov/pubmed/12228011
http://dx.doi.org/10.1016/0003-9861(86)90560-6
http://dx.doi.org/10.1172/JCI117727
http://www.ncbi.nlm.nih.gov/pubmed/7860761


Molecules 2018, 23, 2338 14 of 16

17. Gerich, J.E. Control of glycaemia. Bailliere’s Clin. Endocrinol. Metab. 1993, 7, 551–586. [CrossRef]
18. Gerich, J.E.; Lorenzi, M.; Bier, D.M.; Schneider, V.; Tsalikian, E.; Karam, J.H.; Forsham, P.H. Prevention of

human diabetic ketoacidosis by somatostatin. Evidence for an essential role of glucagon. N. Eng. J. Med.
1975, 292, 985–989. [CrossRef] [PubMed]

19. Lee, Y.; Wang, M.Y.; Du, X.Q.; Charron, M.J.; Unger, R.H. Glucagon receptor knockout prevents
insulin-deficient type 1 diabetes in mice. Diabetes 2011, 60, 391–397. [CrossRef] [PubMed]

20. Atkinson, M.A.; Eisenbarth, G.S.; Michels, A.W. Type 1 diabetes. Lancet 2014, 383, 69–82. [CrossRef]
21. Tamborlane, W.V.; Beck, R.W.; Bode, B.W.; Buckingham, B.; Chase, H.P.; Clemons, R.; Fiallo-Scharer, R.;

Fox, L.A.; Gilliam, L.K.; Hirsch, I.B.; et al. Continuous glucose monitoring and intensive treatment of type 1
diabetes. N. Engl. J. Med. 2008, 359, 1464–1476. [PubMed]

22. Miean, K.H.; Mohamed, S. Flavonoid (myricetin, quercetin, kaempferol, luteolin, and apigenin) content of
edible tropical plants. J. Agric. Food Chem. 2001, 49, 3106–3112. [CrossRef] [PubMed]

23. Calderon-Montano, J.M.; Burgos-Moron, E.; Perez-Guerrero, C.; Lopez-Lazaro, M. A review on the dietary
flavonoid kaempferol. Mini-Rev. Med. Chem. 2011, 11, 298–344. [CrossRef] [PubMed]

24. Lee, Y.J.; Suh, K.S.; Choi, M.C.; Chon, S.; Oh, S.; Woo, J.T.; Kim, S.W.; Kim, J.W.; Kim, Y.S. Kaempferol
protects HIT-T15 pancreatic beta cells from 2-deoxy-D-ribose-induced oxidative damage. Phytother. Res.
2010, 24, 419–423. [CrossRef] [PubMed]

25. Suh, K.S.; Choi, E.M.; Kwon, M.; Chon, S.; Oh, S.; Woo, J.T.; Kim, S.W.; Kim, J.W.; Kim, Y.S. Kaempferol
attenuates 2-deoxy-d-ribose-induced oxidative cell damage in MC3T3-E1 osteoblastic cells. Biol. Pharm. Bull.
2009, 32, 746–749. [CrossRef] [PubMed]

26. Hamalainen, M.; Nieminen, R.; Vuorela, P.; Heinonen, M.; Moilanen, E. Anti-inflammatory effects of
flavonoids: genistein, kaempferol, quercetin, and daidzein inhibit STAT-1 and NF-kappaB activations,
whereas flavone, isorhamnetin, naringenin, and pelargonidin inhibit only NF-kappaB activation along with
their inhibitory effect on iNOS expression and NO production in activated macrophages. Mediators Inflamm.
2007, 2007, 45673. [PubMed]

27. Crespo, I.; Garcia-Mediavilla, M.V.; Gutierrez, B.; Sanchez-Campos, S.; Tunon, M.J.; Gonzalez-Gallego, J.
A comparison of the effects of kaempferol and quercetin on cytokine-induced pro-inflammatory status of
cultured human endothelial cells. Br. J. Nutr. 2008, 100, 968–976. [CrossRef] [PubMed]

28. Olszanecki, R.; Bujak-Gizycka, B.; Madej, J.; Suski, M.; Wolkow, P.P.; Jawien, J.; Korbut, R. Kaempferol, but
not resveratrol inhibits angiotensin converting enzyme. J. Physiol. Pharmacol. 2008, 59, 387–392. [PubMed]

29. Loizzo, M.R.; Said, A.; Tundis, R.; Rashed, K.; Statti, G.A.; Hufner, A.; Menichini, F. Inhibition of
angiotensin converting enzyme (ACE) by flavonoids isolated from Ailanthus excelsa (Roxb) (Simaroubaceae).
Phytother. Res. 2007, 21, 32–36. [CrossRef] [PubMed]

30. Yu, S.F.; Shun, C.T.; Chen, T.M.; Chen, Y.H. 3-O-beta-D-glucosyl-(1→6)-beta-D-glucosyl-kaempferol isolated
from Sauropus androgenus reduces body weight gain in Wistar rats. Biol. Pharm. Bull. 2006, 29, 2510–2513.
[CrossRef] [PubMed]

31. Da-Silva, W.S.; Harney, J.W.; Kim, B.W.; Li, J.; Bianco, S.D.; Crescenzi, A.; Christoffolete, M.A.; Huang, S.A.;
Bianco, A.C. The small polyphenolic molecule kaempferol increases cellular energy expenditure and thyroid
hormone activation. Diabetes 2007, 56, 767–776. [CrossRef] [PubMed]

32. Zhang, Y.; Chen, A.Y.; Li, M.; Chen, C.; Yao, Q. Ginkgo biloba extract kaempferol inhibits cell proliferation
and induces apoptosis in pancreatic cancer cells. J. Surg. Res. 2008, 148, 17–23. [CrossRef] [PubMed]

33. Mylonis, I.; Lakka, A.; Tsakalof, A.; Simos, G. The dietary flavonoid kaempferol effectively inhibits HIF-1
activity and hepatoma cancer cell viability under hypoxic conditions. Biochem. Biophys. Res. Commun. 2010,
398, 74–78. [CrossRef] [PubMed]

34. Kang, J.W.; Kim, J.H.; Song, K.; Kim, S.H.; Yoon, J.H.; Kim, K.S. Kaempferol and quercetin, components
of Ginkgo biloba extract (EGb 761), induce caspase-3-dependent apoptosis in oral cavity cancer cells.
Phytother. Res. 2010, 24 (Suppl. 1), S77–S82. [CrossRef] [PubMed]

35. Paik, S.G.; Fleischer, N.; Shin, S.I. Insulin-dependent diabetes mellitus induced by subdiabetogenic doses
of streptozotocin: obligatory role of cell-mediated autoimmune processes. Proc. Natl. Acad. Sci. USA 1980,
77, 6129–6133. [CrossRef] [PubMed]

36. Lenzen, S. The mechanisms of alloxan- and streptozotocin-induced diabetes. Diabetologia 2008, 51, 216–226.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0950-351X(05)80207-1
http://dx.doi.org/10.1056/NEJM197505082921901
http://www.ncbi.nlm.nih.gov/pubmed/804137
http://dx.doi.org/10.2337/db10-0426
http://www.ncbi.nlm.nih.gov/pubmed/21270251
http://dx.doi.org/10.1016/S0140-6736(13)60591-7
http://www.ncbi.nlm.nih.gov/pubmed/18779236
http://dx.doi.org/10.1021/jf000892m
http://www.ncbi.nlm.nih.gov/pubmed/11410016
http://dx.doi.org/10.2174/138955711795305335
http://www.ncbi.nlm.nih.gov/pubmed/21428901
http://dx.doi.org/10.1002/ptr.2983
http://www.ncbi.nlm.nih.gov/pubmed/19827031
http://dx.doi.org/10.1248/bpb.32.746
http://www.ncbi.nlm.nih.gov/pubmed/19336918
http://www.ncbi.nlm.nih.gov/pubmed/18274639
http://dx.doi.org/10.1017/S0007114508966083
http://www.ncbi.nlm.nih.gov/pubmed/18394220
http://www.ncbi.nlm.nih.gov/pubmed/18622053
http://dx.doi.org/10.1002/ptr.2008
http://www.ncbi.nlm.nih.gov/pubmed/17072829
http://dx.doi.org/10.1248/bpb.29.2510
http://www.ncbi.nlm.nih.gov/pubmed/17142992
http://dx.doi.org/10.2337/db06-1488
http://www.ncbi.nlm.nih.gov/pubmed/17327447
http://dx.doi.org/10.1016/j.jss.2008.02.036
http://www.ncbi.nlm.nih.gov/pubmed/18570926
http://dx.doi.org/10.1016/j.bbrc.2010.06.038
http://www.ncbi.nlm.nih.gov/pubmed/20558139
http://dx.doi.org/10.1002/ptr.2913
http://www.ncbi.nlm.nih.gov/pubmed/19585476
http://dx.doi.org/10.1073/pnas.77.10.6129
http://www.ncbi.nlm.nih.gov/pubmed/6449703
http://dx.doi.org/10.1007/s00125-007-0886-7
http://www.ncbi.nlm.nih.gov/pubmed/18087688


Molecules 2018, 23, 2338 15 of 16

37. Leiter, E.H. Selecting the “right” mouse model for metabolic syndrome and type 2 diabetes research. Methods
Mol. Biol. 2009, 560, 1–17. [PubMed]

38. Newsholme, E.A.; Dimitriadis, G. Integration of biochemical and physiologic effects of insulin on glucose
metabolism. Exp. Clin. Endocrinol. Diabetes 2001, 109 (Suppl. 2), S122–S134. [CrossRef] [PubMed]

39. Birnbaum, M.J. Identification of a novel gene encoding an insulin-responsive glucose transporter protein.
Cell 1989, 57, 305–315. [CrossRef]

40. Mandarino, L.J.; Printz, R.L.; Cusi, K.A.; Kinchington, P.; O’Doherty, R.M.; Osawa, H.; Sewell, C.; Consoli, A.;
Granner, D.K.; DeFronzo, R.A. Regulation of hexokinase II and glycogen synthase mRNA, protein, and
activity in human muscle. Am. J. Physiol. 1995, 269, 701–708. [CrossRef] [PubMed]

41. Dimitriadis, G.D.; Leighton, B.; Parry-Billings, M.; West, D.; Newsholme, E.A. Effects of hypothyroidism on
the sensitivity of glycolysis and glycogen synthesis to insulin in the soleus muscle of the rat. Biochem. J. 1989,
257, 369–373. [CrossRef] [PubMed]

42. Like, A.A.; Rossini, A.A. Streptozotocin-induced pancreatic insulitis: new model of diabetes mellitus. Science
1976, 193, 415–417. [CrossRef] [PubMed]

43. Dobbs, R.; Sakurai, H.; Sasaki, H.; Faloona, G.; Valverde, I.; Baetens, D.; Orci, L.; Unger, R. Glucagon: Role in
the hyperglycemia of diabetes mellitus. Science 1975, 187, 544–547. [CrossRef] [PubMed]

44. Unger, R.H.; Orci, L. The essential role of glucagon in the pathogenesis of diabetes mellitus. Lancet 1975,
1, 14–16. [CrossRef]

45. Iynedjian, P.B.; Jotterand, D.; Nouspikel, T.; Asfari, M.; Pilot, P.R. Transcriptional induction of glucokinase
gene by insulin in cultured liver cells and its repression by the glucagon-cAMP system. J. Biol. Chem. 1989,
264, 21824–21829. [PubMed]

46. Arden, C.; Petrie, J.L.; Tudhope, S.J.; Al-Oanzi, Z.; Claydon, A.J.; Beynon, R.J.; Towle, H.C.; Agius, L. Elevated
glucose represses liver glucokinase and induces its regulatory protein to safeguard hepatic phosphate
homeostasis. Diabetes 2011, 60, 3110–3120. [CrossRef] [PubMed]

47. Kim, H.J.; Kim, S.H.; Yun, J.M. Fisetin inhibits hyperglycemia-induced proinflammatory cytokine production
by epigenetic mechanisms. Evid. Based Complement. Alternat. Med. 2012, 2012, 639469. [CrossRef] [PubMed]

48. Selvi, R.B.; Swaminathan, A.; Chatterjee, S.; Shanmugam, M.K.; Li, F.; Ramakrishnan, G.B.; Siveen, K.S.;
Chinnathambi, A.; Zayed, M.E.; Alharbi, S.A.; et al. Inhibition of p300 lysine acetyltransferase activity by
luteolin reduces tumor growth in head and neck squamous cell carcinoma (HNSCC) xenograft mouse model.
Oncotarget 2015, 6, 43806–43818. [CrossRef] [PubMed]

49. Park, J.M.; Kim, T.H.; Jo, S.H.; Kim, M.Y.; Ahn, Y.H. Acetylation of glucokinase regulatory protein decreases
glucose metabolism by suppressing glucokinase activity. Sci. Rep. 2015, 5, 17395. [CrossRef] [PubMed]

50. Watanabe, H.; Inaba, Y.; Kimura, K.; Matsumoto, M.; Kaneko, S.; Kasuga, M.; Inoue, H. Sirt2 facilitates hepatic
glucose uptake by deacetylating glucokinase regulatory protein. Nat. Commun. 2018, 9, 30. [CrossRef] [PubMed]

51. Cao, J.; Peng, J.; An, H.; He, Q.; Boronina, T.; Guo, S.; White, M.F.; Cole, P.A.; He, L. Endotoxemia-mediated
activation of acetyltransferase P300 impairs insulin signaling in obesity. Nat. Commun. 2017, 8, 131.
[CrossRef] [PubMed]

52. Dihingia, A.; Ozah, D.; Ghosh, S.; Sarkar, A.; Baruah, P.K.; Kalita, J.; Sil, P.C.; Manna, P. Vitamin K1 inversely
correlates with glycemia and insulin resistance in patients with type 2 diabetes (T2D) and positively regulates
SIRT1/AMPK pathway of glucose metabolism in liver of T2D mice and hepatocytes cultured in high glucose.
J. Nutr. Biochem. 2018, 52, 103–114. [CrossRef] [PubMed]

53. Moore, M.C.; Cherrington, A.D.; Wasserman, D.H. Regulation of hepatic and peripheral glucose disposal.
Best Pract. Res. Clin. Endocrinol. Metab. 2003, 17, 343–364. [CrossRef]

54. Saccomani, M.P.; Bonadonna, R.C.; Bier, D.M.; DeFronzo, R.A.; Cobelli, C. A model to measure insulin effects
on glucose transport and phosphorylation in muscle: A three-tracer study. Am. J. Physiol. 1996, 270 Pt 1,
E170–E185. [CrossRef] [PubMed]

55. Kelley, D.; Mitrakou, A.; Marsh, H.; Schwenk, F.; Benn, J.; Sonnenberg, G.; Arcangeli, M.; Aoki, T.; Sorensen, J.;
Berger, M.; et al. Skeletal muscle glycolysis, oxidation, and storage of an oral glucose load. J. Clin. Investig.
1988, 81, 1563–1571. [CrossRef] [PubMed]

56. Taylor, R.; Price, T.B.; Katz, L.D.; Shulman, R.G.; Shulman, G.I. Direct Measurement of Change in Muscle Glycogen
Concentration after a Mixed Meal in Normal Subjects. Am. J. Physiol. 1993, 265, 224–229. [CrossRef] [PubMed]

57. Kong, X.; Manchester, J.; Salmons, S.; Lawrence, J.C., Jr. Glucose transporters in single skeletal muscle fibers.
Relationship to hexokinase and regulation by contractile activity. J. Biol. Chem. 1994, 269, 12963–12967. [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/19504239
http://dx.doi.org/10.1055/s-2001-18575
http://www.ncbi.nlm.nih.gov/pubmed/11460564
http://dx.doi.org/10.1016/0092-8674(89)90968-9
http://dx.doi.org/10.1152/ajpendo.1995.269.4.E701
http://www.ncbi.nlm.nih.gov/pubmed/7485484
http://dx.doi.org/10.1042/bj2570369
http://www.ncbi.nlm.nih.gov/pubmed/2649073
http://dx.doi.org/10.1126/science.180605
http://www.ncbi.nlm.nih.gov/pubmed/180605
http://dx.doi.org/10.1126/science.1089999
http://www.ncbi.nlm.nih.gov/pubmed/1089999
http://dx.doi.org/10.1016/S0140-6736(75)92375-2
http://www.ncbi.nlm.nih.gov/pubmed/2557341
http://dx.doi.org/10.2337/db11-0061
http://www.ncbi.nlm.nih.gov/pubmed/22013014
http://dx.doi.org/10.1155/2012/639469
http://www.ncbi.nlm.nih.gov/pubmed/23320034
http://dx.doi.org/10.18632/oncotarget.6245
http://www.ncbi.nlm.nih.gov/pubmed/26517526
http://dx.doi.org/10.1038/srep17395
http://www.ncbi.nlm.nih.gov/pubmed/26620281
http://dx.doi.org/10.1038/s41467-017-02537-6
http://www.ncbi.nlm.nih.gov/pubmed/29296001
http://dx.doi.org/10.1038/s41467-017-00163-w
http://www.ncbi.nlm.nih.gov/pubmed/28743992
http://dx.doi.org/10.1016/j.jnutbio.2017.09.022
http://www.ncbi.nlm.nih.gov/pubmed/29175667
http://dx.doi.org/10.1016/S1521-690X(03)00036-8
http://dx.doi.org/10.1152/ajpendo.1996.270.1.E170
http://www.ncbi.nlm.nih.gov/pubmed/8772490
http://dx.doi.org/10.1172/JCI113489
http://www.ncbi.nlm.nih.gov/pubmed/3130396
http://dx.doi.org/10.1152/ajpendo.1993.265.2.E224
http://www.ncbi.nlm.nih.gov/pubmed/8368292
http://www.ncbi.nlm.nih.gov/pubmed/8175714


Molecules 2018, 23, 2338 16 of 16

58. Halseth, A.E.; Bracy, D.P.; Wasserman, D.H. Overexpression of hexokinase II increases insulinand
exercise-stimulated muscle glucose uptake in vivo. Am. J. Physiol. 1999, 276 Pt 1, E70–E77. [CrossRef]

59. Dullaart, R.P.F. Plasma-Lipoprotein Abnormalities in Type-1 (Insulin-Dependent) Diabetes-Mellitus.
Neth. J. Med. 1995, 46, 44–54. [CrossRef]

60. Winocour, P.H.; Durrington, P.N.; Ishola, M.; Anderson, D.C. Lipoprotein abnormalities in insulin-dependent
diabetes mellitus. Lancet 1986, 1, 1176–1178. [CrossRef]

61. Kunjathoor, V.V.; Wilson, D.L.; LeBoeuf, R.C. Increased atherosclerosis in streptozotocin-induced diabetic
mice. J. Clin. Investig. 1996, 97, 1767–1773. [CrossRef] [PubMed]

62. Feitosa, A.C.; Feitosa-Filho, G.S.; Freitas, F.R.; Wajchenberg, B.L.; Maranhao, R.C. Lipoprotein metabolism in
patients with type 1 diabetes under intensive insulin treatment. Lipids Health Disease 2013, 12, 15. [CrossRef]
[PubMed]

63. Romano, G.; Tilly-Kiesi, M.K.; Patti, L.; Taskinen, M.R.; Pacioni, D.; Cassader, M.; Riccardi, G.; Rivellese, A.A.
Effects of dietary cholesterol on plasma lipoproteins and their subclasses in IDDM patients. Diabetologia
1998, 41, 193–200. [CrossRef] [PubMed]

64. Burcelin, R.; Eddouks, M.; Maury, J.; Kande, J.; Assan, R.; Girard, J. Excessive glucose production, rather
than insulin resistance, accounts for hyperglycaemia in recent-onset streptozotocin-diabetic rats. Diabetologia
1995, 38, 283–290. [CrossRef] [PubMed]

65. Bahl, J.J.; Matsuda, M.; DeFronzo, R.A.; Bressler, R. In vitro and in vivo suppression of gluconeogenesis by
inhibition of pyruvate carboxylase. Biochem. Pharmacol. 1997, 53, 67–74. [CrossRef]

66. Attwood, P.V. The structure and the mechanism of action of pyruvate carboxylase. Int. J. Biochem. Cell Biol.
1995, 27, 231–249. [CrossRef]

67. Utter, M.F.; Keech, D.B. Formation of oxaloacetate from pyruvate and carbon dioxide. J. Biol. Chem. 1960,
235, 17–18.

68. Ju, Y.; Untereiner, A.; Wu, L.; Yang, G. H2S-induced S-sulfhydration of pyruvate carboxylase contributes to
gluconeogenesis in liver cells. Biochim. Biophys. Acta 2015, 1850, 2293–2303. [CrossRef] [PubMed]

69. Kumashiro, N.; Beddow, S.A.; Vatner, D.F.; Majumdar, S.K.; Cantley, J.L.; Guebre-Egziabher, F.; Fat, I.;
Guigni, B.; Jurczak, M.J.; Birkenfeld, A.L.; et al. Targeting Pyruvate Carboxylase Reduces Gluconeogenesis
and Adiposity and Improves Insulin Resistance. Diabetes 2013, 62, 2183–2194. [CrossRef] [PubMed]

70. Alkhalidy, H.; Moore, W.; Zhang, Y.; McMillan, R.; Wang, A.; Ali, M.; Suh, K.S.; Zhen, W.; Cheng, Z.; Jia, Z.;
et al. Small Molecule Kaempferol Promotes Insulin Sensitivity and Preserved Pancreatic beta -Cell Mass in
Middle-Aged Obese Diabetic Mice. J. Diabetes Res. 2015, 2015, 532984. [CrossRef] [PubMed]

71. Cortright, R.N.; Sandhoff, K.M.; Basilio, J.L.; Berggren, J.R.; Hickner, R.C.; Hulver, M.W.; Dohm, G.L.;
Houmard, J.A. Skeletal muscle fat oxidation is increased in African-American and white women after
10 days of endurance exercise training. Obesity 2006, 14, 1201–1210. [CrossRef] [PubMed]

72. Hulver, M.W.; Berggren, J.R.; Carper, M.J.; Miyazaki, M.; Ntambi, J.M.; Hoffman, E.P.; Thyfault, J.P.;
Stevens, R.; Dohm, G.L.; Houmard, J.A.; et al. Elevated stearoyl-CoA desaturase-1 expression in skeletal
muscle contributes to abnormal fatty acid partitioning in obese humans. Cell Metab. 2005, 2, 251–261.
[CrossRef] [PubMed]

73. Alkhalidy, H.; Moore, W.; Wang, A.; Luo, J.; McMillan, R.P.; Wang, Y.; Zhen, W.; Hulver, M.W.; Liu, D.
Kaempferol ameliorates hyperglycemia through suppressing hepatic gluconeogenesis and enhancing hepatic
insulin sensitivity in diet-induced obese mice. J. Nutr. Biochem. 2018, 58, 90–101. [CrossRef] [PubMed]

74. Payne, J.; Morris, J.G. Pyruvate carboxylase in Rhodopseudomonas spheroides. J. Gen. Microbiol. 1969,
59, 97–101. [CrossRef] [PubMed]

75. Fu, Z.; Zhang, W.; Zhen, W.; Lum, H.; Nadler, J.; Bassaganya-Riera, J.; Jia, Z.; Wang, Y.; Misra, H.; Liu, D.
Genistein induces pancreatic beta-cell proliferation through activation of multiple signaling pathways and
prevents insulin-deficient diabetes in mice. Endocrinology 2010, 151, 3026–3037. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1152/ajpendo.1999.276.1.E70
http://dx.doi.org/10.1016/0300-2977(94)00048-E
http://dx.doi.org/10.1016/S0140-6736(86)91159-1
http://dx.doi.org/10.1172/JCI118604
http://www.ncbi.nlm.nih.gov/pubmed/8601643
http://dx.doi.org/10.1186/1476-511X-12-15
http://www.ncbi.nlm.nih.gov/pubmed/23398881
http://dx.doi.org/10.1007/s001250050889
http://www.ncbi.nlm.nih.gov/pubmed/9498653
http://dx.doi.org/10.1007/BF00400632
http://www.ncbi.nlm.nih.gov/pubmed/7758874
http://dx.doi.org/10.1016/S0006-2952(96)00660-0
http://dx.doi.org/10.1016/1357-2725(94)00087-R
http://dx.doi.org/10.1016/j.bbagen.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26272431
http://dx.doi.org/10.2337/db12-1311
http://www.ncbi.nlm.nih.gov/pubmed/23423574
http://dx.doi.org/10.1155/2015/532984
http://www.ncbi.nlm.nih.gov/pubmed/26064984
http://dx.doi.org/10.1038/oby.2006.137
http://www.ncbi.nlm.nih.gov/pubmed/16899801
http://dx.doi.org/10.1016/j.cmet.2005.09.002
http://www.ncbi.nlm.nih.gov/pubmed/16213227
http://dx.doi.org/10.1016/j.jnutbio.2018.04.014
http://www.ncbi.nlm.nih.gov/pubmed/29886193
http://dx.doi.org/10.1099/00221287-59-1-97
http://www.ncbi.nlm.nih.gov/pubmed/5365367
http://dx.doi.org/10.1210/en.2009-1294
http://www.ncbi.nlm.nih.gov/pubmed/20484465
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Kaempferol Treatment Ameliorated HyperGlycemia in Diabetic Mice 
	Kaempferol Suppressed Hepatic Gluconeogenesis 
	Kaempferol Increased GCK Activity and Glycogen Content in the l-Liver without Affecting Glucose Oxidation 
	Kaempferol Increased Hexokinase Activity and Glucose Oxidation in Red Muscle 

	Discussion 
	Methods 
	Mice, STZ Administration, and Kaempferol Treatment 
	Metabolic Studies 
	Glucose Oxidation Assay 
	Enzyme Activity Assays 
	Glycogen Content Measurement 
	Western Blot Analysis 
	Statistical Analysis 

	References

