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ABSTRACT: The roots of the cactus Peniocereus greggii, which grows in Northern Mexico and in the south of Arizona, are highly
valued by the Pima to treat diabetes and other illnesses, such as breast pain and common cold. As part of our chemical and
pharmacological investigation on medicinal plants used for treating diabetes, herein we report the hypoglycemic and
antihyperglycemic action of a decoction prepared from the roots of the plant. The active compounds were a series of cholestane
steroids, namely, peniocerol (2), desoxyviperidone (3), viperidone (4), and viperidinone (5). Also, a new chemical entity was
obtained from an alkalinized chloroform extract (CE1), which was characterized as 3,6-dihydroxycholesta-5,8(9),14-trien-7-one (6)
by spectroscopic means. Desoxyviperidone (3) showed an antihyperglycemic action during an oral glucose tolerance test.
Compound 3 was also able to decrease blood glucose levels during an intraperitoneal insulin tolerance test in hyperglycemic mice
only in combination with insulin, thus behaving as an insulin sensitizer agent. Nevertheless, mitochondrial bioenergetic experiments
revealed that compounds 3 and 6 increased basal respiration and proton leak, without affecting the respiration associated with ATP
production in C2C12 myotubes. Finally, an ultraefficiency liquid chromatographic method for quantifying desoxyviperidone (3) and
viperidone (4) in the crude drug was developed and validated. Altogether, our results demonstrate that Peniocereus greggii decoction
possesses a hypoglycemic and antihyperglycemic action in vivo, that sterols 2 and 6 promotes insulin secretion in vitro, and that
desoxyviperidone (3) physiologically behaves as an insulin sensitizer agent by a mechanism that may involve mitochondrial proton
leak.

■ INTRODUCTION

Diabetes mellitus is a chronic metabolic disease characterized
by insufficient insulin production and secretion and in the
case of type 2 diabetes (T2DM) also by the inability of tissues
to respond to insulin adequately.1 According to the Interna-
tional Diabetes Federation (IDF), approximately 527 million
people live with diabetes worldwide, and 90 to 95% of those
cases belong to T2DM.2 If the chronic hyperglycemia, typical
of this disorder, is not adequately controlled, it increases the
risk of microvascular damage (retinopathy, nephropathy, and
neuropathy) and macrovascular complications (ischemic heart
disease, stroke, and peripheral vascular disease).2 Treatment of
T2DM primarily involves lifestyle changes and antidiabetic
medications, such as metformin, rosiglitazone, glibenclamide,
and dapagliflozin.3

Mexico ranks seventh in prevalence in the world with 14.1
million diabetic people.2 In recent decades, the number of
individuals affected by T2DM has increased notably, this
disease being one of the country’s leading causes of morbidity
and mortality.4 It is estimated that Mexico has 6.7 million
people with undiagnosed diabetes.2 The use of herbal drugs
(alone or in combination with allopathic medications) to treat
the symptoms of T2DM is common in Mexico. Unfortunately,
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only a few of these species have been analyzed to confirm
their efficacy as antidiabetic agents.5,6

One highly valued species on Mexico’s northern border
with the United States is Peniocereus greggii (Engelm.) Britton
& Rose [Cactaceae]. It grows in the states of Sonora,
Chihuahua, Durango, Zacatecas, Coahuila, Nuevo Leoń, and
Tamaulipas as well as southern of Arizona, New Mexico, and
Texas. The plant is known as “queen of the night,” “night-
blooming cereus,” “reina de la noche,” “saramatraca,” “huevo
de venado,” “asta de venado,” or “ho’ok vaa’o,” “ho’o’k iwa,”
and “ize ́ bine.́”7 The sprawling, usually inconspicuous, stems
emerge from a large tuberous root and produces sporadically
beautiful white flowers that bloom only one night with a heavy
fragrance that attracts their shared pollinators from long
distances. The Pima and Papago people from other
indigenous and Mexican communities in southwestern United
States and northern Mexico use a decoction of the roots to
treat diabetes, digestive, genitourinary, and skin system
disorders and to alleviate pains and the common cold, as
well as a cardiac stimulant.8−15 Regrettably, this cactus is on
the list of endangered species due to its use in ornamental
markets at the local, national, and international levels, while its
trade as a medicinal plant is only significant at the local level.
Fortunately, there are institutional programs for conservation
actions, including conventional propagation and transplanting
programs throughout its geographic range from Durango to
Arizona and in vitro propagation techniques for ex situ
conservation.16−19

Previous chemical work on P. greggii resulted in the
isolation and characterization of the steroids macdougallin
(1), peniocerol (2), desoxyviperidone (3), viperidone (4), and
viperidinone (5).20

As part of our chemical and pharmacological investigation
on medicinal plants used for treating diabetes, herein we
report (i) the antidiabetic potential of P. greggii decoction and
some of its constituents using in vivo and in vitro
pharmacological assays and (ii) the development and
validation of an analytical procedure applicable as a
pharmacopeic composition test for the quality control
procedures of this valuable plant.

■ RESULTS AND DISCUSSION
Acute Toxicity Assay. Acute toxicity analysis in animals is

the first stage in assessing the innocuousness of herbal
preparations. In this study, the Lorke method was selected to
estimate the acute toxicity of the decoction from the roots of
P. greggii (PGD) using ICR strain mice.21 This procedure is
appropriate for testing herbal drugs and their preparations as
it requires minimal use of animals. In addition, the results of
this assay serve as a guide in dose selection for other
pharmacological and toxicological studies involving animals.
After oral administration of PGD (first phase 10−1000 mg/
kg; second phase 2600−5000 mg/kg) and observing the
animals for 2 weeks, no mortality was recorded; thus, the dose
of PGD that kills 50% of the tested animal population (LD50)
was estimated to be higher than 5 g/kg. Also, no change in
behavior or signs of acute toxicity were observed, and after
necropsy and macroscopical examination of vital organs, there
were no differences between control and tested animals.
Hypoglycemic and Antihyperglycemic Potential of P.

greggii Decoction (PGD) in Mice. The pathogenesis of
T2DM leads to a chronic state of hyperglycemia, which might
be due to a decrement in insulin secretion by the pancreas,

increased hepatic glucose production, and reduced muscle
glucose uptake.22 Accordingly, to establish the antidiabetic
potential of PGD, several in vivo tests were performed. The
first experiment was an acute hypoglycemic test, which
evaluated the ability of PGD to reduce blood glucose under
controlled fasting conditions; we used glibenclamide (10 mg/
kg) as the positive control and isotonic saline solution (NaCl
0.9%) as the vehicle. The results showed that none of the
assessed traditional preparation doses decreased the glycemia
in normoglycemic animals (Figure S1). However, when
evaluated in the hyperglycemic mice, all doses (Figure 1)
reduced blood glucose levels significantly (p < 0.05).

Next, the antihyperglycemic potential of PGD was tested
using both oral glucose (OGTT) and sucrose (OSTT)
tolerance tests; metformin (200 mg/kg) and acarbose (5 mg/
kg) were the reference drugs, respectively. The results
obtained in the OGTT for PGD in normoglycemic and
hyperglycemic mice are depicted in Figure 2. In normogly-
cemic mice, only the dose of 316 mg/kg caused a significant
decrease in the postprandial peak compared to the group
treated with the vehicle (Panel A). In hyperglycemic mice, all
the evaluated doses significantly reduced the postprandial peak
(Panel B).
On the other hand, PGD had no significant antihypergly-

cemic effect in normoglycemic mice during an OSTT (Figure
S1), ruling out the inhibition of intestinal α-glucosidase
enzymes in the mode of action of the traditional preparation.
Altogether, these results suggested that, since PGD was a

mixture of components, various mechanisms could be
triggered to regulate insulin secretion/signaling, skeletal
glucose uptake, glucose hepatic production, or mitochondrial
function.1,22

Isolation of the Active Compounds. TLC comparative
analysis of an organic soluble fraction of EtOAc obtained by
partitioning PGD (PGDE) revealed that most of its
constituents were also present in the two CHCl3 extracts
(CE1 and CE2). The first CHCl3 extract (CE1) was prepared
after basifying the vegetal material with KOH to detect the
potential presence of alkaloids, so common in the Cactaceae
family. CE1 was devoid of alkaloids but contained all steroid
compounds detected in the PGDE soluble fraction, in
addition to compound 6 (Figure S2). Therefore, CE1 was
further fractionated by column chromatography to isolate
some of the potential active components; this process yielded

Figure 1. Hypoglycemic action of PGD from P. greggii in NA-STZ-
hyperglycemic mice. AUC: area under the curve; VEH: vehicle; GLI:
glibenclamide (10 mg/kg). Data are expressed as mean ± SEM (n =
6). *p < 0.05 and **p < 0.01 significantly different. ANOVA
followed by the Dunnett post hoc test for comparison with respect to
vehicle control.
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3,6-dihydroxycholesta-5,8(9),14-trien-7-one (6), peniocerol
(2), and viperidinone (5). On the other hand, extensive
fractionation of CE2 afforded compounds 2−5 (Figure 3)
along with β-sitosterol and β-sitosterol glucoside. This fact
raised the question of whether the new chemical entity is an
artifact of a nonisolated steroid.
Compound 2 was characterized by X-ray analysis (Figure

4), not previously reported. The absolute configuration was

established according to the Flack parameter.23 The NMR
data of peniocerol (2) are included in Table S1 and Figures
S10−S15. The 1H and 13C chemical shift values agree with
the information reported for other cholestane analogues
possessing 5α,6α-cholest-8-ene-3β-ol.24

Compound 6 is a new chemical entity obtained as a white,
optically active powder. Its molecular formula was determined
to be C27H40O3 based on the NMR and HRESIMS data
corresponding to eight indices of hydrogen deficiency and
revealing a highly conjugated sterol. The IR spectrum (Figure

S3) displayed characteristic signals for hydroxyl (3440 and
3391 cm−1) and conjugated ketone (2948, 2929, 1632, and
1612 cm−1).
The NMR data (Table 1) also showed characteristic signals

for a cholestane type of steroid, like 2−5 and calonysterone
(7),25−29 a highly unsaturated natural product from the seeds
of Ipomea sp. As calonysterone (7), the structure has an α-
diketone grouping at C-5, C-6, and C-7, conjugated with two
additional double bonds (Δ8−9 and Δ14−15). The main
differences between 6 and 7 were the absence of the signals
for the carbinols grouping at C-2, C-20, C-22, and C-25 in the
spectra of 6. The only alcohol functionality in compound 6
was at C-3. This assignment as well as those of the remaining
substituents along the cholestane core was confirmed by the
analysis of the NOESY and HMBC experiments (Figure 5).
The absolute configuration at the stereogenic centers was

determined to be 3S,10R,13R,17R by comparing the
experimental electronic circular dichroism (ECD) of 6, with
those calculated for the enantiomers 3S,10R,13R,17R and
3R,10S,13S,17S using the DFT B3LYP level of theory (Figure
6).

In Vivo Antidiabetic Potential of Compound 3.
Desoxyviperidone (3), the most abundant compound of
PGDE, was selected to pursue in vivo studies. When
compound 3 was subjected to an OGTT (Figure 7), it
significantly decreased the postprandial peak in normoglyce-
mic (p < 0.0001) and hyperglycemic (p < 0.01) mice.
Analysis of the OGTT time-course curves built for

desoxyviperidone (3) indicated that its mode of action
could involve (i) an insulin sensitizer action, which leads to
an increment in the glucose uptake in peripheral tissues or (ii)
a mechanism related to glucose-stimulated insulin secre-
tion.1,33 In order to gain further information on the insulin
sensitizer mechanism of sterol 3, an intraperitoneal insulin
tolerance test (ITT) in hyperglycemic mice was conducted.

Figure 2. Effect of PGD on blood glucose levels in (A) normoglycemic and (B) NA-STZ-hyperglycemic mice during an OGTT. VEH: vehicle;
MTF: metformin (200 mg/kg). Data are represented as mean ± SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
significantly different. ANOVA followed by the Dunnett post hoc test for comparison with respect to vehicle control.

Figure 3. Chemical structures of compounds 2−6 isolated from the roots of P. greggii in this study and calonysterone (7).

Figure 4. X-ray structure of peniocerol (2).
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Compound 3 by itself did not have a hypoglycemic effect;
however, in combination with a low dose of insulin, it

produced a statistically significant decrease of blood glucose in
the same way that the combination of insulin and metformin,
a well-known insulin sensitizer, did (Figure 8).34 Thus, it is
likely that compound 3 increased insulin actions. It has been
previously demonstrated that other sterols, such as ergosterol,
dehydrocholesterol, and 7-dehydrocholesterol, can support
insulin receptor autophosphorylation, thus stimulating its
downstream signaling, which includes GLUT4 translocation
and the consequent glycemia reduction.35

Effect of Compounds 2, 3, and 6 on Insulin
Secretion. To evaluate the effect of compounds 2, 3, and 6
on insulin secretion, we performed an in vitro experiment
using rat insulinoma INS-1E cells. Compounds 2 and 6
promoted insulin secretion in pancreatic cells (Figure 9).
Specifically, at low glucose concentrations, compounds 2 and
6 produced a significant increase in insulin secretion
compared to the control (p < 0.0001 and p < 0.01,
respectively). In contrast, only compound 6 tended to
increase insulin secretion in cells exposed to high glucose
concentrations. These results confirmed that compound 2
promotes insulin secretion, which might partly explain the
decoction’s hypoglycemic effect. However, 3 did not promote
insulin secretion, which suggests that its hypoglycemic effect
may be attributed to an insulin sensitizer effect as suggested
by the ITT. To our knowledge, this is the first report on the
insulin secretion potential of sterols and further research
should be conducted to gain a better understanding of the
hypoglycemic potential of these compounds.
Compounds 2 and 6 have in common the presence of Δ8−9

and hydroxyl groups at C-6 and C-3. There are not enough
data to make a clear conclusion regarding the structure−
activity relationship.

Effect of Compounds 2, 3, and 6 on the Mitochon-
drial Function. The significance of estimating the mitochon-
drial function is associated with energy production and has an
important role in carbohydrate and lipid metabolism homeo-
stasis. Mitochondrial bioenergetics analyses often recognize
the role of mitochondrial dysfunction in the etiology of
skeletal muscle insulin resistance and glucose intolerance that
results from obesity and T2DM.36 Thus, the effect of 2, 3, and
6 on mitochondrial bioenergetics was analyzed in C2C12
mouse myotubes using the Seahorse Extracellular Flux
apparatus. This device measures the oxygen consumption
rate (OCR, proportional to mitochondrial respiration) and
extracellular acidification rate (ECAR, proportional to proton
flux attributed to glycolysis) after adding some inhibitors of
the respiratory chain in the following order: oligomycin (2
mM, an ATPase inhibitor), FCCP (0.5 mM, a decoupling

Table 1. Spectroscopic Data (700 MHz for 1H and 175
MHz for 13C) of Compound 6 in CDCl3

6

no. δC δH (J in Hz)

1 35.9 1.25 m
2 30.7 1.73 m; 1.98 m
3 71.3 3.66 m
4 33.1 2.16 m; 3.36 dd (13.0, 2.2)
5 130.0
6 142.9
7 180.2
8 124.5
9 163.9
10 41.2
11 24.6 2.56 m
12 35.9 1.50 m
13 46.0
14 141.7
15 127.8 6.89 s
16 37.1 2.21 m; 2.50 m
17 56.1 1.54 m
18 15.7 0.87 s
19 23.7 1.33 s
20 34.1 1.64 m
21 19.1 0.97 d (6.5)
22 36.2 1.08 m; 2.15 m
23 23.9 1.20 m; 1.38 m
24 39.6 1.15 m
25 28.2 1.54 m
26 22.7 0.87 d (6.5)
27 23.0 0.87 d (6.5)
OH 6.81 (s)

Figure 5. Key HMBC (blue) and NOESY (red) correlations for
compound 6.

Figure 6. Comparison of the experimental ECD spectrum of compound 6 (black dotted line) with calculated spectra for the enantiomers
3S,10R,13R,17R (green) and 3R,10S,13S,17S (purple).
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agent), and a mixture of rotenone and antimycin A (0.5 mM,
complex I and III inhibitors, respectively). From the OCR
graphs (panels A and B, Figure 10), several parameters (basal,
ATP production, H+-leak, maximal respiration, spare respira-
tory capacity, and nonmitochondrial respiration) are calcu-
lated, which in turn measure the ability of the tested
compounds to modify a dysfunction of mitochondrial
function. The ECAR graphs (panels C and D, Figure 10)
indicate anaerobic energy production, a pathway that prevails
in T2DM.37

The results obtained from mitochondrial respiration and
glycolysis are shown in Figures 10 and S26. Compound 3

increased the basal respiration and proton leak in a
concentration-dependent fashion. On the other hand, none
of the compounds affected ATP production, and only
compound 2 decreased the maximum respiration in
proportion to sterol concentration. Compounds 2 and 3
reduced the spare respiratory capacity, but 6 incremented it at
low concentrations. Finally, compound 6 increased the
nonmitochondrial respiration, compound 3 did not affect it,
and 2 slightly diminished it.
Proton leak can be classified in a constitutive, which is the

basal proton conductance of mitochondria, and regulated way,
that is, induced through uncoupling proteins.38 Proton leak
through uncoupling proteins modulates thermogenesis and
maintains carbon flux despite the low ATP demand.
Increasing these two mechanisms would improve insulin
sensitivity.39 Thus, our results display the therapeutic potential
of compound 3 through modulation of proton leak.
According to the ECAR graphs, compounds 2 and 6 at the

highest concentration tested increased the glycolysis (Figure
10). Based on these results, it can be concluded that 3 and 6
are compounds that act favorably to increase glucose
utilization, which could have a positive impact on muscle
cells of subjects with T2DM.

UPLC-APCI-MS Method for the Identification of 3
and 4 in PGDE. A suitable method was developed and
validated to quantify simultaneously two components in
PGDE. The major components were sterols 3 and 4, which
were selectively extracted and identified using an UPLC-
APCI-MS method (Figure 11). The validation of the method
for quantitative analysis was carried out according to the ICH
guidelines (2015) by determining different quality parameters,
such as linearity, limits of detection (LOD), limits of
quantification (LOQ), accuracy, and precision (Table S2).40

Finally, the developed UPLC-APCI-MS method was applied
for quantitative analysis in four different samples (Batches I−
IV). The amounts of 3 were in the range of 12 to 68 mg/g,
while in 4, they were in the range of 116 to 248 mg/g,
showing a higher variability between the four samples (Table
S3).

■ CONCLUSIONS
In summary, PGD possesses a hypoglycemic and antihyper-
glycemic action in vivo, supporting the medicinal use of P.
greggii for treating diabetes in Mexican folk medicine. The
active principles were cholestane steroids. The major
compound of CE2, desoxyviperidone (3), physiologically
behaves as an insulin sensitizer agent by a mechanism that

Figure 7. Effect of compound 3 on blood glucose levels in (A) normoglycemic and (B) STZ-hyperglycemic mice during an OGTT. VEH:
vehicle; MTF: metformin (200 mg/kg). Data are represented as mean ± SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
significantly different. ANOVA followed by the Dunnett post hoc test for comparison with respect to vehicle control.

Figure 8. Effect of compound 3 on the intraperitoneal insulin
tolerance test (ITT) in NA-STZ-hyperglycemic mice. AUC: area
under the curve; VEH: vehicle; INS: insulin (0.5 U/kg); MTF:
metformin (200 mg/kg). Each bar represents the mean ± SEM (n =
6). *p < 0.05 significantly different. ANOVA followed by the
Dunnett post hoc test for comparison with respect to vehicle control.

Figure 9. Effect of compounds 2, 3, and 6 on insulin secretion in rat
insulinoma. AUC: area under the curve; control: DMSO. Each bar
represents the mean ± SEM (n = 3). ***p < 0.01 and ****p <
0.0001 significantly different. ANOVA followed by the Tukey post
hoc test for comparison with respect to vehicle control.
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may involve mitochondrial proton leak. Sterol 2 and a new
chemical entity (6) promoted insulin secretion in vitro.
Compound 3 improved the mitochondrial function, impaired
in the diabetic condition. Thus, the efficacy of PGD is related
to the mixtures of compounds in the preparation, which might
be acting by synergistic multitarget effects or other

mechanisms yet to be elucidated. Finally, to estimate the
amount of the major class of active constituents, a precise,
reliable, and accurate UPLC method was developed for
quantifying desoxyviperidone (3) and viperidone (4) in
PGDE. The method was validated and selective, linear,
precise, and accurate in the range of concentrations evaluated.

Figure 10. (A, C, and E) Oxygen consumption rate and (B, D, and F) extracellular acidification rate in C2C12 mouse myoblast cells of
compounds 2, 3, and 6. Each bar represents the mean ± SEM (n = 3). ***p < 0.01 and ****p < 0.0001 significantly different. ANOVA followed
by the Tukey post hoc test for comparison with respect to control.
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This procedure will be suitable for formulating standardized
preparations of this species.

■ EXPERIMENTAL SECTION

General Experimental Procedures. NMR spectra,
including bidimensional, were recorded in CDCl3 solution
on a Bruker Avance III HD or Bruker BioSpin (Billerica, MA)
spectrometer at either 700 or 400 MHz (1H) and 175 or 100
MHz (13C), using tetramethylsilane (TMS) as the internal
standard. Mass spectra of the isolates were obtained with an
Acquity UHPLC-H Class system (Waters, Milford, MA).
Optical rotation was obtained with an Anton Para MCP 150
polarimeter. Column chromatography (CC) was carried out
on silica gel 60 (Merck, Darmstadt, Germany).
Reagents. Analytical grade solvents (CHCl3, EtOAc, and

n-hexane) and high-performance liquid chromatography
(HPLC) grade solvents (MeOH and H2O) were purchased
from J.T. Baker (Avantor, Radnor, PA). Analytical reagents
[glibenclamide (GLI), metformin (MTF), glucose, nicotina-
mide (NA), streptozotocin (STZ), and Tween 80] were
purchased from Sigma-Aldrich (St. Louis, MO).
Plant Materials and Preparation of the Extracts.

Peniocereus greggii roots were obtained from northern
Chihuahua, Mexico, on August 2018 (Batch I), April 2019
(Batch II), June 2019 (Batch III), and March 2020 (Batch
IV). Authentication of the plant was carried out by Dr. Robert
Bye and Edelmira Linares [voucher specimens: 39908 were
deposited at National Herbarium (MEXU)], who also
provided the picture. The image is available, free of charge.

For biological testing, an aqueous extract was prepared using
the decoction technique, by boiling 5 g of ground and dried
roots in distilled water (250 mL) for 5 min. The extract
(PGD) was filtered and concentrated in vacuo to yield a
brownish residue (4.73 g), and this process was repeated as
needed.

Compound Isolation. Comparative chromatographic
analysis of an EtOAc soluble fraction (PGDE) obtained by
partitioning of PGD revealed that most of its constituents
were also present in two CHCl3 extracts (CE1 and CE2)
prepared under different conditions (Figure S2). The first
CHCl3 extract (CE1) was prepared after basifying the vegetal
material with KOH (200 g of plant material was wetted with
200 mL of KOH 10% and allowed to dry at room
temperature) with the purpose of detecting the presence of
alkaloids. However, the presence of alkaloids in CE1 was not
detected. CE2 was prepared with powdered plant material (2
kg of roots). The extraction process was carried out using the
technique of maceration with chloroform (1 and 4 L,
respectively) for 21 days. The extracts were filtered, and the
solvent was evaporated in a rotary evaporator under reduced
pressure at 40 °C to yield a brown residue (6.0 and 182 g,
respectively). CE1 and CE2 were independently fractionated
by open CC on silica gel (240 g and 3.0 kg, respectively)
eluted with a gradient of hexane−EtOAc (90:10 to 0:100, v/
v) and EtOAc−MeOH (100:0 to 80:20, v/v). Peniocerol (2,
153 mg), viperidinone (5, 89 mg), and 3,6-dihydroxycholesta-
5,8(9),14-trien-7-one (6, 100 mg) were obtained from CE1,
while CE2 yielded six primary fractions (FI−FVI). From

Figure 11. (A) LC chromatogram of PGDE. The elution program was as follows: 0 min, 50% A; 1.0 min 50% A; 3.0 min 85% A; 5.0 min 90% A;
7.0 min 100% A; 9.0 min 100% A; 9.10 min 50% A; 11.0 min 50% A (mobile phase consisting of 50% methanol (A) and water adjusted to pH
2.8 with formic acid (FA; B). Flow rate: 0.3 mL/min; injection volume: 3 μL. Peaks: desoxyviperidone (3); viperidone (4). (B) Typical total ion
chromatogram in positive-ion APCI-MS mode for compounds 3 and 4.
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fraction FIV (389 mg) precipitated, a white solid was purified
by CC on silica gel eluted with an isocratic system (hexane−
EtOAc, 30:70) to yield desoxyviperidone (3, 234 mg).
Fraction FV (325 mg) was fractionated by CC on silica gel
eluted with a gradient of CH2Cl2−MeOH to obtain seven
secondary fractions (FV‑1−FV‑7). Fraction FV‑2 (114 mg) was
purified using CC on silica gel [hexane−EtOAc, 30:70] to
yield 52 mg of viperidone (4). The structures of the isolates
were characterized by spectroscopic and spectrometric
analyses and by comparison with literature data (Figures
S3−S25).24−32 Compounds 2−5 were identified in ethyl
acetate soluble fraction derived from the decoction of the
roots of P. greggii.
Compound 6. Yellowish solid; mp: 172−173 °C; [α]20D +

7.909 (c 1.1, CHCl3); UV (CHCl3) λmax: 223 nm; FT-IR νmax;
3440.15, 3391.65, 2929.95, 2948.50, 2867.97, 1632.81, and
1612.83 cm−1; 1H and 13C see Table 1; HRESIMS m/z
413.2881 [M + H]+ (calcd for 413.2849, C27H40O3).
X-Ray Crystal Structure Analysis of Compound 2.

Single crystals suitable for X-ray analysis were obtained by
recrystallization from CH2Cl2−MeOH (1:1). A crystal having
approximate dimensions of 0.368 × 0.240 × 0.088 mm3 was
mounted on a glass fiber. All measurements were made using
a Bruker Smart Apex CCD diffractometer equipped with
graphite-monochromate Mo Kα radiation (λ = 0.710 73 Å) at
150 K. The structure was solved by the SHELXS-2013
method and refined using full-matrix least-squares on F2.
Crystallographic data for 2 have been deposited with the
Cambridge Crystallographic Data Centre (CCDC) with the
accession no. 2129283. These data are available, free of
charge, from the CCDC via http://www.ccdc.cam.ac.uk/data_
request/cif.
Crystal Data for 2. C28H50O3, MW 434.68, orthorhombic,

space group P212121 with unit cell parameters a =
8.13190(10) Å, b = 9.08460(10) Å, c = 36.6785(5) Å, α =
90°, β = 90°, γ = 90°, Z = 4, T = 298(2) K, volume
2709.63(6) Å3, F(000) 968, density (calcd) 1.066 Mg/m3.
Intensity data were collected in the range of 2.409° to 68.226°
using a ω scan; 17.434 reflections were collected, and 4900
[R(int) = 0.0635] were considered, observed, and used in the
calculations. The final R1 values were 0.0802 [I > 2σ(I)]. The
final wR2(F2) values were 0.1118 [I > 2σ(I)], with a data−
restraint−parameter ratio of 4900/3/295. The final R1 values
were 0.1118 (all data). The final wR2(F2) values were 0.1497
(all data). The absolute structure parameter was −016 (1.5).
ECD Calculations. Minimum energy structures from 6

were built using Spartan’ 08 software (Wavefunction Inc.,
Irvine, CA). Conformational analysis was carried out with the
Monte Carlo search protocol under MMFF molecular
mechanics approximation. Conformers with relative energy
under 5 kcal/mol were submitted to Gaussian 09 program
(Gaussian Inc., Wallingford, CT) calculation for geometry
optimization using the DFT B3LYP/DGTZVP level of theory
and the default model for CHCl3 as the solvent. The same
DFT method in CHCl3 was employed for ECD calculations
using the DFT-minimized conformers. The calculated
excitation energy (nm) and rotatory strength (R) in dipole
velocity (Rvel) and dipole length (Rlen) forms were simulated
into an ECD curve. The calculated and weighted ECD curves
were all generated using SpecDis 1.71.41

In Vivo Assay with PGD or Compounds. Preclinical
evaluations were performed in accordance with the Mexican
Official Norm for Laboratory Animal Care and Use (NOM-

062-ZOO-1999) and with internationally accepted principles
for laboratory animal use and care and were approved by the
Institutional Committee for Care and Use of Laboratory
Animals (CICUAL-FQ), Facultad de Quiḿica, UNAM (FQ/
CICUAL/403/20). Eight-week-old male ICR or CD1 mice
(25−36 g) were used. The animals were acclimatized under
controlled temperature (22 ± 2 °C) on a light/dark (12 h/12
h) cycle, with standard rodent diet (LabDiet 5001, MO) and
purified water ad libitum before experiments for 3 days. For
ICR mice, chemical hyperglycemia was induced as previously
described by i.p. injection of a single dose of nicotinamide
(NA; 50 mg/kg) dissolved in isotonic saline solution and
streptozotocin (STZ; 130 mg/kg) solubilized in citrate buffer
(pH 4.5).42,43 For CD1 mice, the state of hyperglycemia was
induced by three subsequent doses of STZ (40 mg/kg, i.p.);
21 days after the first dose, the experiments were carried
out.32 Blood glucose levels were measured using a commercial
glucometer (One Touch Ultra 2, Johnson & Johnson, NJ).
Blood samples were collected by means of a small incision at
the end of the tail, and mice that had glycemic values greater
than 200 mg/dL were used. The percentage variation of
glycemia for each animal was calculated with respect to its
basal level as follows: % variation of glycemia = [(Gt − Gi)/
Gi] × 100, where Gi is basal glycemia and Gt are the different
glycemia values after treatment administration. Euthanasia of
mice was set at the end of the experiments by hypoxia in a
CO2 chamber.42

Acute Oral Toxicity in Mice. PGD was assessed for
potential acute toxicity according to the Lorke procedure.21

Briefly, the samples were administered by an intragastric route
in two independent phases: in both, twelve mice were divided
into four groups (n = 3). Doses administered in the first phase
were 10, 100, and 1000 mg/kg. In the second phase, the doses
were 1600, 2900, and 5000 mg/kg. Control animals received
0.05% Tween 80 in saline solution. In both phases, the
animals were observed to identify acute toxic effects, changes
in the behavior pattern, or mortality. Mice weight was
registered daily for 14 days. At the end of the experiments, all
animals were sacrificed by cervical dislocation to obtain the
heart, lungs, liver, and kidneys to detect macroscopic organ
damage.

Acute Hypoglycemic Assay in Normoglycemic and
Hyperglycemic Mice. Normal and hyperglycemic mice were
randomly divided in five groups (n = 6) and deprived of food
before testing with access to purified water ad libitum. PGD
was tested using doses of 31.6, 100, and 316 mg/kg;
glibenclamide (GLI; 10 mg/kg) was used as a positive
control and saline solution as a vehicle (NaCl 0.9%). Blood
samples were collected at 0, 0.5, 1.5, 3, 5, and 7 h after
treatment administration. Percentage variation of glycemia was
calculated as stated before. Area under the curve (mg × h
dL−1) was obtained with the trapezoidal method.42

Oral Glucose and Sucrose Tolerance Tests (OGTT
and OSTT) in Normoglycemic and Hyperglycemic Mice.
OGTT and OSTT were conducted in both normoglycemic
and hyperglycemic mice. Animals were deprived of food 4 h
before the experiment with free access to drinking water. PGD
was tested at the doses of 31.6, 100, and 316 mg/kg and
compound 3 at three doses (10, 31.6, and 56 mg/kg). The
vehicle group received saline solution. The positive controls
were metformin (MTF; 200 mg/kg) in the case of OGTT or
acarbose (ACA; 5 mg/kg) in the case of OSTT. Basal
glycemia was recorded as previously stated, before intragastric
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administration of treatments. Thirty minutes later, all animals
received an oral glucose (1 g/kg) or sucrose (2 g/kg) load.
Blood samples were collected at 30, 60, 90, and 120 min after
the administration of the carbohydrate. Percentage variation of
glycemia was calculated as previously described.42

Insulin Tolerance Test. Hyperglycemic CD1 mice were
deprived of food for 4 h before the experiment. After this,
basal glycemia was measured, and the mice received either the
vehicle or a single dose of compound 3 (31.6 mg/kg) or MTF
(200 mg/kg). Thirty minutes after treatment, the mice
received an intraperitoneal dose of 0.5 U/kg of insulin.
Glycemia was measured at 15, 30, 60, 90, and 120 min
following insulin administration. Percentage variation of
glycemia and AUC was calculated as previously described.44

Statistics. The results are expressed as mean ± standard
error mean (SEM) of glycemia variation or AUC. Statistical
significance (p < 0.05) was assessed with the GraphPad Prims
software (version 8.0; GraphPad Inc., LA Jolla, CA) using
one-way or two-way ANOVA tests followed by an appropriate
post hoc test.
In Vitro Assay with Compounds. Muscle cell lines were

purchased from the American Type Culture Collection
(ATTC; Manassas, VA) and were grown in an incubator
under a 5% CO2-humidified atmosphere at 37 °C. C2C12
mouse myotubes were differentiated and treated overnight
with the indicated concentrations of the compounds. INS-1E
cells (rat insulinoma) were kindly donated by Profs. C. B.
Wollhein and Pierre Maechler of the University of Geneva
(Switzerland). INS-1E cells were cultured in the RPMI 1640
medium supplemented with 10% fetal calf serum, 1 mM
sodium pyruvate, 50 μM 2-mercaptoethanol, 2 mM glutamine,
10 mM HEPES, 100 U/mL penicillin, and 100 μg/mL
streptomycin under standard incubator conditions.44−46

INS-1E Cell Culture and Insulin Secretion Assays. For
insulin secretion assays, INS-1E cells were seeded on 24-well
plates and after 48 h treated with 5, 10, or 20 μg/mL of
compounds 2, 3, and 6 for 2 h as previously reported. The
insulin secretion was expressed as the percentage of insulin
secreted into the media with respect to the sum of the
secreted and total insulin content.44−46

Mitochondrial Respiration. A Seahorse Extracellular Flux
(XF) 96 Analyzer (Seahorse Bioscience, Inc., North Billerica,
MA) was used to measure the oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) in C2C12
mouse myotubes. The OCR and ECAR were measured after
the cells were incubated for 18 h with compounds 2, 3, and 6
(5, 10, and 20 μg/mL), and the cells were washed with an XF
base medium supplemented with 10 mM glucose, 2 mM
glutamine, and 1 mM pyruvate (pH = 7.4) and were then
incubated in this medium for 1 h at 37 °C in a non-CO2
incubator. The plates were put in a Seahorse XF96 at 37 °C
for 10 min calibration and 3 measurement cycles to record
basal cellular respiration. Oligomycin (2 μM), FCCP (0.5
μM), and a mixture of rotenone plus antimycin A (0.5 μM)
were added sequentially, and three measurements were
performed after the addition of each concentration of the
compounds.44−46

UPLC-APCI-MS Method. Acetonitrile and water of LC−
MS grade and formic acid (FA) of HPLC-grade were
purchased from J.T. Baker (Avantor, Radnor, PA). Desoxy-
viperidone (3) and viperidone (4) (purities ≥98%) used as
standards were isolated from the CE2 extract of P. greggii.

The stock standard solutions for LC analysis of 3 and 4
were prepared at a final concentration of 1 mg/mL. Working
solutions for the standards were prepared by diluting the stock
solution in dioxane−methanol (1:1). Sample solutions of each
extract (75 μg/mL) were prepared following the same
procedure as the stock standard solutions. Before analysis,
the solutions were filtrated using 0.20 μm GHP membranes.
An Acquity UHPLC-H Class system from Waters

corporation (Milford, MA) was used as a liquid chromato-
graphic system. The instrument consists of a quaternary
pump, an autosampler, an UV−visible diode array, and a
single quadrupole (SQD2) detector. The column temperature
was controlled with a column oven at 40 °C. The samples
were separated using an Acquity UPLC BEH Shield RP18
column (1.7 μm, 2.1 × 100 mm) with a guard column
(Waters). A binary mobile phase consisting of 50% methanol
(A) and water adjusted to pH 2.8 with formic acid (FA; B)
was found to be the most appropriate. A flow rate of 0.3 mL/
min with an injection volume of 3 μL was used. Elution was
carried out according to the following gradient program: 0
min, 50% A; 1.0 min 50% A; 3.0 min 85% A; 5.0 min 90% A;
7.0 min 100% A; 9.0 min 100% A; 9.10 min 50% A; and 11.0
min 50% A. Detection was carried out at 254 nm. An APCI
source was used under the following conditions: probe
temperature: 550 °C, gas flow: 250 (L/h), capillary voltage:
50 V, and corona current: 0.3 μA. Under the conditions
described above, the retention times (RT) of desoxyviperidone
(3) and viperidone (4) were found to be 5.98 and 7.15 min,
respectively. MassLynk software version 4.1 was used to
control the UPLC-APCI-MS system and for data acquisition
and processing. The concentrations were calculated using peak
area ratios, and the linearity of the calibration curve was
determined using least squares regression analysis. All
statistical calculations relative to quantitative analysis were
performed using Origin 8.0 software (Origin Labs, MA).
The proposed UPLC-APCI-MS method for quantitative

analysis was validated based on linearity, LOD, LOQ, intraday
and interday precisions, and accuracy.
For linearity, LOD, and LOQ, standard calibration curves

for quantifying 3 and 4 were obtained by plotting
concentration (μg/mL) against response. Six different
concentrations for each of the two standards in the range of
5−75 μg/mL were prepared in sextuplicate. All dilutions were
made in dioxane−methanol (1:1). LOQ were determined
through the analysis of solutions containing decreasing
concentrations of each analyte, to achieve the lowest
determinable level with acceptable precision and accuracy
under the established conditions. The LOD was estimated
based on the relation between the standard deviation (Sy/x) of
the standard intercept (b0) and the slope (b1) of the
analytical curve (eq 1).40

SLD 3.3 (b1)y x/= × (1)

The repeatability and the intermediate precision of six
identical samples were analyzed according to the method
described above on two different days and by two different
analysts in triplicate. The standard deviation and coefficient of
variation were calculated for each day. Finally, method
accuracy was tested by recovery, assaying three different
concentrations of six samples (5, 25, and 75 μg/mL) in
triplicate. All compounds were added simultaneously to ethyl
acetate soluble fraction and analyzed according to the method
previously described. The mean percentage recoveries for 3
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and 4 were found to be between 98 and 102% by means of
Fisher’s F-test.40
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Instituto Nacional de Estadiśtica y Geografía, Mexico, 2021.
(5) Escandón, S. M.; Mata, R.; Andrade-Cetto, A. Molecules
isolated from Mexican hypoglycemic plants. Molecules 2020, 25,
4145.
(6) Mata, R.; Figueroa, M.; Navarrete, A.; Rivero-Cruz, I. Chemistry
and biology of selected Mexican medicinal plants. Prog. Chem. Org.
Nat. Prod. 2019, 108, 1−142.
(7) Sánchez-Salas, J.; Flores-Rivas, J.; Muro-Pérez, G.; Martínez-
Adriano, C. El reinado desconocido de Peniocereus greggii. Bol. Soc.
Latin. Carib. Cact. Suc. 2009, 6, 21−24.
(8) Castetter, E. F.; Underhill, R. M. The ethnobiology of the Papago
Indians. Ethnobiological studies in the American Southwest, 2nd ed.;
University of New Mexico Press: Nuevo Mexico, 1935; pp 1−84.
(9) Curtin, L. S. M. By the prophet of the earth, 1st ed.; San Vicente
Foundation, Rydal Press: Santa Fe, 1949; p 158.
(10) Hicks, S. Desert plants and people, 1st ed.; Naylor Company
Press: San Antonio, TX, 1966, p 75.
(11) Hrdlicka, A. Physiological and medical observations among the
Indians of Southwestern United States and Northern Mexico;
Smithsonian Institution, Bureau of American Ethnology Bulletin,
Washington Government Press: Virginia, 1908; pp 1−460.
(12) Murphey, E. V. A. Indian uses of native plants; Fort Bragg,
Mendocino County Historical Society: California, 1959, p 72.
(13) Rea, A. M. At the desert’s green edge − An ethnobotany of the
Gila River Pima; University of Arizona Press: Arizona, 1997; p 430.
(14) Standley, P. C. Trees and shrubs of Mexico. Contributions from
the United States National Herbarium; Washington Government
Press: Washington, 1920−1926; pp 1−1721.
(15) White, S. S. The vegetation and flora of the region of the Rió
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