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RESUMEN
La diabetes mellitus (DM) es una enfermedad crénica caracterizada por deficiencia en
la produccion o accion de la insulina, lo que genera hiperglucemia persistente y
complicaciones como la neuropatia periférica diabética (DPN). En la medicina
tradicional mexicana, particularmente en la comunidad Xi'iuy de San Luis Potosi, se
utiliza Calea urticifolia (“negrito”) por sus propiedades terapéuticas contra la DM.
demostrando efectos hipoglucemiantes, antiinflamatorios y antioxidantes. Este estudio
evalud el extracto acuoso liofilizado de sus hojas (CUAQE) en modelos in vivo de
diabetes tipo 2 (inducida por dieta alta en grasas) y diabetes tipo 1 (generada por
estreptozotocina), asi como un modelo de DPN. Los resultados mostraron que CuAgE
ejerce un efecto hipoglucemiante sinérgico con farmacos convencionales, mejora la
conduccion nerviosa en el nervio sural y reduce la alodinia mecéanica, evidenciado por
el aumento del umbral de retirada de la pata (PWT). Ademas, presentd actividad
antioxidante al regular marcadores como de glucosa, insulina y aldosa reductasa y
indice HOMA-IR. Estos hallazgos sugieren que CuAqE modula los desequilibrios
metabdlicos en la DM y posee un efecto neuroprotector en la DPN, respaldando su
potencial como coadyuvante en el tratamiento de la diabetes y sus complicaciones.
Los resultados refuerzan el valor terapéutico de esta planta en la medicina tradicional

y abren nuevas perspectivas para su aplicacion en el manejo integral de la DM.

Palabras clave: resistencia a la insulina, diabetes mellitus, neuropatia periférica,

Calea urticifolia, hipoglucemiante, neuroprotector.
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ABSTRACT
Diabetes mellitus (DM) is a chronic disease characterized by deficient insulin
production or action, leading to persistence and complications such as diabetic
peripheral neuropathy (DPN). In Mexican traditional medicine, particularly among the
Xi'iuy community in San Luis Potosi, Calea urticifolia ("negrito”) is used for its
therapeutic against DM, demonstrating hypoglycemic, anti-inflammatory, and
antioxidant effects. This study evaluated the lyophilized aqueous extract of its leaves
(CuAqgE) in vivo models of type 2 diabetes (induced by a high-fat diet) and type 1
diabetes (generated with streptozotocin), as well as in a DPN model. The results
showed that CUAQE exerts a synergistic hypoglycemic effect with conventional drugs,
improves nerve conduction in the sural nerve, and reduces mechanical allodynia,
evidenced by an increased paw withdrawal threshold (PWT). Additionally, it exhibited
antioxidant activity by regulating markers such as glucose, insulin, aldose reductase,
and the HOMA-IR index. These findings suggest that CUAQE modulates metabolic
imbalances in DM and has a neuroprotective effect in DPN, supporting its potential as
an adjuvant in diabetes treatment and its complications. These results reinforce the
therapeutic value of this plant in traditional medicine and open new perspectives for its

application in the comprehensive management of DM.

Keywords: insulin resistance, diabetes mellitus, peripheral neuropathy, Calea

urticifolia, hypoglycemic, neuroprotective.
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1. INTRODUCCION

Para 2030, se estima que la principal causa de muerte (80%) en nuestro pais seran
las enfermedades crénicas no transmisibles (OMENT, 2015). Dentro de este grupo se
encuentra la diabetes mellitus (DM). De acuerdo con los resultados de la ENSANUT
2023, en México habia 21.7 millones de adultos de 20 afios 0 mas con prediabetes y

4.5 millones con diabetes, pero desconocian su condicion.

Esta evidencia epidemioldgica refleja un mecanismo inadecuado de prevencion y
control de la DM en nuestro pais, asi como un problema emergente en la salud publica.
A esto se suma que los pacientes bajo tratamiento no tengan una adherencia
adecuada, presenten enfermedades concomitantes, enfrenten falta de abastecimiento
de medicamentos y los altos costos de su tratamiento.

Lo anterior limita la eficacia de los programas institucionales, como la Estrategia
Nacional para la Prevencion y Control del Sobrepeso, la Obesidad y la Diabetes. A
pesar de ello, el uso de terapias alternativas para el tratamiento de la DM esta en
aumento. A nivel mundial, se han implementado programas como la Estrategia de la
OMS sobre medicina tradicional 2014-2023 cuyo objetivo es validar su calidad,
inocuidad y eficacia para su incorporacién a los sistemas de salud de los paises
miembros (OMS, 2013).

En el caso particular de México, la medicina tradicional ha sido empleada desde
tiempos ancestrales; sin embargo, el conocimiento cientifico y la validacion de la
medicina tradicional mexicana aun son limitados. Por ello, la investigacion en plantas
medicinales ofrece la oportunidad de utilizarlas con mayor seguridad y, sobre todo, de

descubrir alternativas terapéuticas que mejoren la calidad de vida de las personas.

En San Luis Potosi, Calea urticifolia -conocida comunmente como “negrito”- es una
planta utilizada tradicionalmente por la etnia Xiiuy con usos terapéuticos. El té

preparado con sus hojas se emplea como remedio para tratar diabetes, Ulceras



gastricas y procesos inflamatorios. Entre los efectos farmacologicos validados del
extracto acuoso de esta especie destacan sus propiedades: antioxidantes (Torres et
al., 2015), anti-inflamatorias y reguladoras del metabolismo (Torres et al., 2015; Segura
et al., 2017).

Pese a ello, el rigor cientifico de los efectos farmacoldgicos de Calea urticifolia aun

deben ser explorado. Por lo tanto, existe interés en investigar:

1. El efecto hipoglucemiante del extracto acuoso liofilizado (CuAqE) con co-
administracion de farmacos hipoglucemiantes orales (OAD’s).

2. Su potencial antioxidante y neuroprotector en un modelo in vivo de neuropatia

periférica diabética (DPN).

Estos estudios buscan contribuir al conocimiento cientifico de esta especie y sentar las

bases para futuras investigaciones que permitan evaluar su aplicacion clinica.

2. ANTECEDENTES

2.1 Diabetes mellitus (DM)

La DM puede ser conceptualizarse como una enfermedad sistémica, crénico-
degenerativa, de caracter heterogéneo, con grados variables de predisposicion
hereditaria y con participacion de diversos factores ambientales. Se manifiesta como
un conjunto de trastornos metabdlicos de la glucosa que se clasifican como "glucemia
alterada en ayuno" e "intolerancia a la glucosa", lo que generalmente se identifica como
hiperglucemia persistente o cronica. Esta condicion resulta de una deficiencia en la
produccion o accion de la insulina, lo que afecta al metabolismo intermedio de hidratos
de carbono, proteinas y grasas (NOM-015-SSA2-2010).

Dado que la DM es considerada una enfermedad enddcrina, nutricional y metabdlica,
la Clasificacion Internacional de Enfermedades y la Asociacibn Americana de

Diabetes, la clasifican en cuatro grupos principales:



1. Diabetes tipo 2 (T2D, E10): Denominada anteriormente diabetes no
insulinodependiente o del adulto. Se caracteriza por resistencia a la insulina
acompafada de una deficiencia relativa o absoluta en su produccion.

2. Diabetes tipo 1 (T1D, E11): Conocida previamente como diabetes
insulinodependiente o juvenil. En este tipo se produce una destruccion de mas del 90%
de las células B pancreéticas, lo que genera una deficiencia absoluta de insulina
(insulinopenia).

3. Diabetes gestacional: Desarrollada durante el embarazo en mujeres sin
diagndstico previo de diabetes.

4. Otros tipos de diabetes (E12-13): Incluye defectos genéticos, enfermedades

pancreaticas, diabetes inducida por infecciones o por farmacos o quimicos.

2.2 Diagnéstico y tratamiento de la DM
El diagndstico de DM se establece cuando se cumple cualquiera de los criterios

sefalados en la Tabla 1.

Tabla 1. Criterios de diagnéstico de la DM
Estadio Glucosa anormal en ayunas Intolerancia a la glucosa
(GAA) (ITG)
Pruebas de laboratorio
Prueba de glucosa sanguinea Prueba de tolerancia oral a la

en ayuno (FBG) glucosa (PTOG)
Prediabetes =100 mg/dL y <125 mg/dL 2140 mg/dL y < 199 mg/dL
Diabetes >126 mg/dL >200 mg/dL

Todo esto acompafiado del resultado de una glucemia en cualquier
momento del dia 2200mg/dL, sin relaciéon con el tiempo transcurrido desde
la Gltima comida.

El tratamiento de la diabetes mellitus tiene como proposito fundamental aliviar los
sintomas, mantener el control metabdlico, prevenir tanto las complicaciones agudas
como crénicas, mejorar la calidad de vida del paciente y reducir la mortalidad asociada

a la enfermedad y sus complicaciones. Para lograr estos objetivos, las metas



terapéuticas basicas incluyen alcanzar niveles adecuados de glucosa en sangre, perfil
lipidico (colesterol total, LDL, HDL Yy triglicéridos), presion arterial, parametros
antropométricos (indice de masa corporal y circunferencia abdominal), asi como

niveles 6ptimos de hemoglobina glicosilada (HbAlc).

En el caso especifico de diabetes de tipo 1, el tratamiento con insulina esta indicado
desde el momento del diagnostico, complementandose con medidas no
farmacolégicas que incluyen un plan alimenticio personalizado y un programa de
actividad fisica regular. Por otro lado, en la diabetes tipo 2, el manejo farmacoldgico se

inicia segun el criterio del médico, incluso desde el diagndstico.

De acuerdo con la Guia de tratamiento farmacoldgico para el control de DM y la Guia
de recomendaciones para la promociéon de la salud, prevencion, deteccion,
diagnéstico, tratamiento y control de la prediabetes y diabetes, actualmente se dispone

de diversos agentes terapéuticos para el manejo de esta condicion.

Tabla 2. Caracteristicas farmacoldgicas de agentes farmacolégicos en el
tratamiento de T2D

Hipoglucemiante Dosis (mQ) Indicacion
inicial maxima
Metformina 500-850 2550 Inhibe selectivamente la gluconeogénesis
(Biguanida) hepatica (LaMoia & Shulman, 2021).
Glibenclamida 5 20 Estimula la secrecién de insulina por
(sulfonilurea) células B del pancreas (Batiha et. al.,
2023).
Pioglitazona 15 30 Activa al receptor nuclear especifico
(Tiazolidinediona) (PPAR-y), produciendo un aumento de
sensibilidad a insulina (Lebovitz, 2019).
Acarbosa 20-50 100 Inhibe las disacaridasas intestinales por lo
(Inhibidores de gue no hay absorcién de monosacaridos
alfa glucosidasa) en el borde en cepillo (Dalsgaard et. al.,
2023).
Sitagliptina 100 100 Inhibidores de la dipeptidil peptidasa 4

(DPP-4) (Rosenstock, et. al., 2019).



Cabe destacar que mientras la insulinoterapia pueda utilizarse en ambos tipos de
diabetes (T1D y T2D), los agentes orales (OAD’s) estan indicados exclusivamente
para el tratamiento de la T2D, como se detalla en |la Tabla 2.

El uso de insulina en el paciente con T2D tiene dos tipos de indicaciones: descontrol
grave, ya sea que se espere un uso permanente o temporal de esta hormona, o falla
a OAD’s. En el caso de T1D su indicacion es absoluta. Existen diferentes
preparaciones comerciales de insulina y sus analogos comerciales, como lo muestra
la tabla 3 (O'Neill et. al., 2017).

Tabla 3. Caracteristicas de las preparaciones de insulina
Insulina Inicio Pico Duracion

Insulina aspart (Fiasp, accion rapida 15min 1h 3-4h
NovoLog), insulina glulisina
(Apidra) e insulina lispro
(Admelog, Humalog,

Lyumjev).
Insulina regular humana regularode 15-30min  2-3h 6-8h
(Humulin R, Novolin R, accion corta
Velosulin R)
neutral protamine Hagedorn accion 2-4h 4-12h 12-18h
o NPH (Humulin N, Novolin intermedia
N, ReliOn)
degludec (Tresiba), detemir accion 1-3h 20h 24h
(Levemir) y glargina prolongada
(Basaglar, Lantus)
glargina U-300 (Toujeo) accion ultra 6h 36h

prolongada

El inicio es el tiempo que transcurre antes de que la insulina llegue al torrente sanguineo y comience a
reducir la glucosa en sangre. El momento pico es el momento durante el cual la insulina tiene su maxima
potencia en términos de reduccién de glucosa en sangre. La duracién es el tiempo durante el cual la insulina
continda reduciendo la glucosa en sangre.



2.3 Complicaciones vasculares de la DM

La hiperglucemia cronica se considera el principal factor de riesgo para el desarrollo
de complicaciones vasculares en la DM. Estas surgen como consecuencia de las
alteraciones metabdlicas y las reacciones bioquimicas desencadenadas por el exceso

de glucosa en sangre.

Las complicaciones vasculares asociadas a la DM se clasifican en dos categorias
principales: Complicaciones macrovasculares, también denominadas enfermedades
cardiovasculares, que incluyen cardiopatia isquémica, insuficiencia cardiaca, la
enfermedad vascular cerebral y la insuficiencia arterial periférica en los miembros
inferiores. Las complicaciones microvasculares, que afectan a los pequefios vasos
sanguineos y comprenden; retinopatia diabética (que puede progresar hasta la
ceguera), nefropatia diabética (que deriva en insuficiencia renal crénica) y neuropatia
periférica (asociada al desarrollo de pie diabético, condicibn que en casos severos

puede requerir amputacion debido a infecciones graves) (Cole & Florez, 2020).

La neuropatia diabética constituye un conjunto de alteraciones morfologicas y
funcionales del sistema nervioso periférico, tanto somatico como autonémico, que se
manifiesta frecuentemente como dolor neuropético (Cashman y Hoke, 2015). Esta
condiciéon puede presentarse como consecuencia de diversos factores, incluyendo
enfermedades sistémicas (como la diabetes), deficiencias nutricionales Puede ocurrir
como una secuela o sintoma de muchas afecciones, como enfermedades sistémicas
(diabetes), deficiencia de vitaminas (particularmente de vitamina B12), insuficiencia
renal, infecciones (como el VIH), exposicion a toxinas ambientales (organofosforados),
enfermedades neoplasicas (linfomas), alcoholismo cronico y como efecto adverso de
ciertos farmacos, especialmente algunos agentes quimioterapéuticos (Prior et. al.,
2017).

La tabla 4 muestra la clasificacion fisiopatoldégica actual de la neuropatia. Las

neuropatias metabdlico-microvasculares son las mas frecuentes. La DPN es una



polineuropatia distal que se caracteriza por disminucion de la sensibilidad
termoalgésica, mas acentuada en las zonas distales de las extremidades y cuya
severidad se correlaciona directamente con el grado de descontrol glicémico (Olmos
et. al.,, 2012). Los pacientes con DPN expresan sintomas que pueden incluir dolor

neuropatico, alodinia o entumecimiento, parestesias (cosquilleo”, “alfileres y agujas”)

hiperestesias e hiperalgesia, lo que aumenta el riesgo a complicaciones secundarias.

Tabla 4. Clasificacion de la Neuropatia
Subtipo clinico de neuropatia Fisiopatologia
-Polineuropatia distal (DPN) Metabdlico microvascular-hipoxica
-Neuropatia autonémica (DAN)

-Radiculo-plexopatia lumbosacra Inflamatorio-autoinmune
-Radiculo-plexopatia cervical

-Radiculopatia toracica

-Neuropatia craneal

-Neuropatia dolorosa + baja de peso

-Sindrome del canal carpiano Compresiva
-Neuropatia ulnar del codo

-Neuropatia peronea

-N. por Ketoacidosis Secundarias a complicaciones de la
-N. por insuficiencia renal diabetes

-N. por isquemia de grandes vasos

La DM genera anormalidades en la excitabilidad axonal, incluidas las reducciones en
el umbral de electrotonus y superexcitabilidad, asi como la prolongacién del periodo
refractario, por lo que la velocidad y amplitud de la conduccién nerviosa son
significativamente reducidas (Landowski et. al., 2016; Quiroz et al., 2016).

El manejo de la DPN se fundamenta en el control de la glucemia como medida basal
y el abordaje sintomatico del dolor neuropatico. Si bien los analgésicos convencionales
y los farmacos neuromoduladores pueden proporcionar alivio sintomatico, estos no

modifican la historia natural de la enfermedad.



Dentro de las opciones terapéuticas disponibles, el acido lipoico (antioxidante) de alta
liberacion a dosis de 600 mg dos o tres veces al dia ha demostrado ser el Unico

tratamiento etiopatogénico de leve a moderado (NOM-015-SSA2-2010).

2.4 Etiologia de la neuropatia periférica diabética (DPN)

Los procesos que conllevan a la neuropatia periférica incluyen microangiopatia con
isquemia, deficiencia en factores neurotréficos y/o sus receptores, excesiva formacion
de productos finales de glicacion avanzada, estrés oxidativo, disfunciébn mitocondrial,

desregulacion de factores tréficos y susceptibilidad genética (Sytze et. al., 2013).

La neuropatia causa un dafio a las fibras nerviosas sensoriales, motoras y
autondmicas, asociado con atrofia axonal, desmielinizacion, regeneracion atenuada
del potencial de accion, inflamacion y pérdida progresiva de nervio periférico

(Zempoalteca et. al., 2017).

Los mecanismos por los cuales la hiperglucemia genera la neuropatia periférica son:
acumulacion y accion de productos de glicacion avanzada, incremento en la actividad
de la via del sorbitol, aumento en la via de las hexosaminas, activacién de diversas
isoformas de la proteina cinasa C, y aumento en el estrés oxidativo (Sytze et. al., 2013).
Ademas de los efectos dafiinos directos sobre la neurona, estos cambios celulares
también influyen en el transporte del impulso eléctrico en el axon, degeneracion axonal

y limitando la capacidad regenerativa (Quiroz et al., 2016).

En los tejidos que no requieren de la insulina para captar glucosa (lo hacen por difusion
facilitada) y que contienen la enzima aldosa reductasa (como en el rifidn, tejido
nervioso y vascular, asi como el cristalino del 0jo); el flujo de este monosacarido al
interior de sus células esta limitado a las condiciones de normoglucemia. Sin embargo,
en la condicion de hiperglucemia; el metabolismo de la glucosa se desvia a la via del

sorbitol, también conocida como la via de los polioles (Watcho et. al., 2010). En esta



via, la aldosa reductasa cataliza la reduccion de las hexosas (glucosa) a sorbitol (Ding
et.al., 2014).

El sorbitol se oxida a fructosa por accion de la enzima sorbitol deshidrogenada (SDH),
enzima totalmente dependiente de NAD+ como aceptor de equivalentes de reduccion
que da lugar a su forma reducida NADH. La disminucion del NAD+, provoca la
inhibiciébn de la actividad de la enzima gliceraldehido-3-fosfato deshidrogenada
(GAPDH), frenandose con ello la via metabdlica de la degradacion de la glucosa (la
glucolisis) (Zhang et al., 2010).

El sorbitol no difunde extracelularmente con facilidad a través de las membranas, por
lo que su aumento dentro de la célula contribuye a incrementar la presion osmatica
intracelular que causa edema y dafo celular. Por otro lado, la disminucién del NADPH
por la via del sorbitol debido a su consumo excesivo, limita la accidén de las enzimas
antioxidantes, catalasa y glutatién reductasa, y de la enzima Oxido nitrico sintasa
(NOS), las cuales también utilizan a la coenzima para sus funciones. La consecuencia
es la presencia de estrés oxidativo, debido a una caida en las concentraciones
intracelulares del glutation (GSH), mioinositol y del 6xido nitrico, asi como el aumento

de las especies reactivas de oxigeno.
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2.5 La medicina tradicional Xi’iuy de San Luis Potosi

La alta prevalencia de DM en México, principalmente T2D, tiene graves consecuencias
para la economia, tanto individual como colectiva (Salas-Zapata et. al., 2018), ya que
estos pacientes precisan atencion meédica constante, monitoreo farmacoterapéutico y
polimedicacion (Rodriguez Bolafios et. al., 2010). Por lo tanto, la poblacion mexicana
en general recurre a plantas medicinales en forma de té o infusiones de sus hojas,
raices o tallos como tratamiento alternativo para tratar la T2D (Acosta-Recalde et. al.,
2018).

La medicina herbolaria o tradicional en ocasiones se denomina medicina alternativa o
complementaria y se define como el conjunto de conocimientos, aptitudes y préacticas
basados en teorias, creencias y experiencias indigenas de las diferentes culturas, sean
0 no explicables, que son empleados para el mantenimiento de la salud, asi como para
la prevencion, el diagnostico, la mejora o el tratamiento de enfermedades fisicas o

mentales (Jaradat et. al., 2016; Kamsu et al., 2013).

Los pueblos originarios de México tienen un extenso conocimiento sobre plantas
medicinales, que ha trascendido por generaciones como parte de su cultura tradicional.
La etnia Xi'é6i o Xi'iuy en San Luis Potosi abarca cuatro regiones territoriales: Santa
Maria Acapulco, Alaquines, Ciudad del Maiz y la regiébn de La Palma (Rayodn-
Tamasopo); de tales localidades, esta Ultima se caracteriza por ser la de menor
densidad poblacional en comparacion con los otros ndcleos, pero de mayor
conocimiento en el manejo y uso de plantas debido a su privilegiada ubicacion

geografica (Guzman et al., 2010).

De acuerdo con un estudio etnobotanico realizado en la Regién de La Palma, Calea
urticifolia (Mill.) DC. conocida tradicionalmente como “negrito”, es una de las trece
plantas con mayor frecuencia de uso por esta region étnica. Las partes vegetales

utilizadas son sus hojas y estas se preparan en forma de té para el tratamiento de
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diversas condiciones clinicas como: inflamacion, gastritis, DM, hipertension, diarrea,

empacho, bilis, vomito, dolor de estbmago, de cabeza (Guzman et al., 2010).

El tratamiento tradicional de Calea urticifolia consiste en la infusion de dos hojas secas
(en promedio 0.13 g) sumergidas en una taza con agua hirviendo bajo reposo de 3 a
5 minutos. Los pacientes toman esta infusion dos veces al dia, por la mafana en

ayunas y por la tarde, por 60 dias o hasta tener mejoria (Guzman-Guzman, 2010).

Calea urticifolia, vegetativamente es un arbusto de la familia Compositae, cominmente
conocida en México como chilchaca, jarilla, tacote, jaral de castilla 0 negrito. Son
arbustos que pueden medir hasta 2m de altura, poseen hojas ovaladas, a veces
dentadas y lustrosas en ambos lados; con flores amarillas agrupadas en cabezuelas.
Ademas, los frutos tienen las semillas con pelillos como escamitas. Se encuentra
comunmente en estados como Veracruz, Yucatan, San Luis Potosi, Durango, Jalisco
e Hidalgo; habita en climas calidos y semicdlidos, entre los 22 y los 1800msnm. Se
asocia a vegetacion perturbada derivada de bosques tropicales caducifolio,
subcaducifolio, subperennifolio y perennifolio, bosques de encino y de pino (Biblioteca

Digital de la Medicina Tradicional Mexicana, 2013).

Figura 2. Calea urticifolia
Elaboracién propia

11



Dentro de los aspectos farmacolégicos que se tiene registrados de la especie, han sido
en funcion de sus metabolitos secundarios en donde se destacan sus efectos:
antifingico (Gamboa-Angulo et al., 2005), inhibicibn de la diferenciacion pre-
adipocitaria por germacrandlidos aislados de la especie (Matsuura et. al., 2005),
citotoxico en células de cancer de colon y leucemia por sus lactonas sesquitérpenicas
(Ohguchi et. al., 2009), antioxidante (Umemura et. al., 2008), para tratamiento de

gastritis y bactericida (Matsuura et. al., 2005).

Guzman y colaboradores (2010), corroboraron la capacidad anti-inflamatoria del
extracto etanodlico de las hojas de la especie en dos modelos in vivo de inflamacion
(aguda y cronica); la inflamacion aguda mediada por carragenina y crénico a través
del proceso inflamatorio de bajo grado asociado con una alimentacion rica en grasas.
Los resultados demostraron la capacidad anti-inflamatoria del extracto vegetal, a
través de la inhibicién de la secrecidén de citocinas pro-inflamatorias como el TNF-q,
IL-1 B e IL-6 tanto en ambos modelos de inflamacion (aguda y crénica); en esta ultima
ademas, se incrementd la secrecion de adiponectina, adipocina asociada con efectos
antidiabéticos, anti-inflamatorios entre otros. El efecto modulador de las citocinas pro-
inflamatorias y adiponectina se asociaron con la disminucion de la concentracion de
glucosa sérica y triglicéridos en el grupo de ratas con dieta rica en grasa y tratadas con

el extracto etandlico.

Por otra parte, Torres y colaboradores (2015), evaluaron el efecto anti-inflamatorio y
antioxidante del extracto acuoso liofilizado (CUAQE), en macréfagos RAW 264.7. Los
resultados corroboraron su efecto anti-inflamatorio, el cual se asocié con la supresion
de la via del 6xido nitrico (NO)/6xido nitrico sintetasa inducible (iNOS), a través de
inhibicion de la translocacién de las subunidades p65 y p50 del factor nuclear kappa B
(NF-kB). Recientemente, se demostré que CuAgE modula el desequilibrio en los
procesos metabolicos e inflamatorios presentes en la obesidad y diabetes mellitus con
una dosis efectiva de 11mg/kg en un modelo in vivo de inflamacién de bajo grado, bajo

el consumo de una dieta rica en grasa (Segura et al., 2017).
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3. Justificacion

La medicina tradicional mantiene una relevancia significativa como alternativa
terapéutica en el primer nivel de atencion a la salud, particularmente en contextos
comunitarios (Pan et al., 2014). Ademas, este conocimiento y su corroboracion
cientifica proporciona indicios para nuevas areas de investigacion para la creacion de

fuentes invaluables de productos farmacéuticos (Ji et al., 2009).

Se estima que en México alrededor de 4 000 especies de plantas con flores (15% de
la flora total) tienen atributos terapéuticos (Ocegueda et. al., 2005), y muchas de sus
culturas nativas tienen una extensa farmacopea de plantas medicinales; tras el
conocimiento que se ha transmitido de generacion en generacion (Biblioteca Digital de
la Medicina Tradicional Mexicana, 2013). Durante los ultimos afios, ha habido un
resurgimiento del interés popular en plantas que se utilizan para el tratamiento de

diferentes enfermedades, como la DM (Giovannini et al., 2016).

Las plantas medicinales se han utilizado empiricamente (ya sea como parte de la dieta,
infusiones o extractos) para tratar y mejorar los sintomas de T2D. A pesar de su uso
empirico, la Organizacion Mundial de la Salud cuenta con directrices sobre la
monitorizacion de la seguridad de los medicamentos a base de plantas medicinales en

los sistemas de farmacovigilancia (WHO, 2004)

Actualmente, el proceso de validacion cientifica ha permitido el reconocimiento formal
de diversas especies vegetales con propiedades medicinales (Torres-Vanda &
Gutiérrez, 2023), lo que no solo legitima el conocimiento tradicional indigena, sino que

también identifica fuentes promisorias para el desarrollo de terapias innovadoras.

Cabe recalcar que los principios activos de las plantas medicinales pueden reaccionar
con la administracion conjunta con farmacos convencionales y pueden generar

variaciones en la magnitud del efecto terapéutico deseado. En la literatura médica son
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escasos los trabajos de investigacion sobre los efectos adversos e interacciones entre

las plantas medicinales y medicamentos.

En este contexto, en el grupo de trabajo se ha corroborado cientificamente para Calea
urticifolia efectos antiinflamatorio, antioxidante e hipoglucemiante. Ademas, se ha
determinado su baja toxicidad, lo que la convierte en una planta medicinal de inusitado
interés. Puesto que estos resultados son prometedores y sugieren su potencial uso
como coadyuvante en el tratamiento de enfermedades crénicas no transmitibles
relacionadas con la alimentacion (ENT-RA) como lo es la DM; que ocasionan un alto
impacto negativo econdémico en el sistema de salud publica en México (Pic6-Guzman,
et. al. 2022).

La presente propuesta de trabajo se fundamenta en la relevancia el ofrecer
perspectivas concretas para la implementacion de terapias combinadas que podrian
mejorar los resultados clinicos en pacientes diabéticos. Por lo que, la evaluacion
farmacolégica de Calea urticifolia y su capacidad sinérgica del extracto acuoso
liofilizado con OAD’s en modelos in vivo de DM, y con DPN por medio de estudios

funcionales de nervios y determinacion de la enzima aldosa reductasa.

4. Hipétesis

El extracto acuoso liofilizado de Calea urticifolia (CUAQE) un tipo de interaccion
farmacoldgica; logrando asi un efecto en la regulacion del metabolismo de la glucosa
en T2D experimental inducida a través de obesidad inducida con dieta rica en grasas
(DIO-HFD) y T1D por induccion quimica de multiples dosis bajas de estreptozotocina
(MLD-STZ); ademas tendra un efecto neuroprotector en la DPN.

5. Objetivos
5.1 Objetivo general
Evaluar el efecto de la coadministracion del extracto acuoso liofilizado de Calea

urticifolia (CUAgE) con antidiabéticos orales (OAD’s) e insulina en modelos in vivo de
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diabetes mellitus (DM), asi como su potencial efecto neuroprotector y antioxidante en

la neuropatia diabética periférica (DPN).

5.2 Objetivos especificos

Fase 1: Establecimiento de modelos in vivo de DM para la evaluacion

Fitofarmacologica

Inducir un modelo in vivo de T1D mediante la administracion de
estreptozotocina en dosis multiples bajas (MLD-STZ).
Generar un modelo in vivo de T2D mediante dieta alta en grasas (DIO-HFD) e

induccioén de resistencia a la insulina.

Fase 2: Evaluacion del efecto de CuUAQE en modelos de diabetes mellitus

Determinar el potencial hipoglucemiante de CUAQE en modelos in vivo de DM.
Analizar el efecto de la coadministracion de CuAgE con insulina en modelo in
vivo de T1D por MLD-STZ y con OAD’s en modelo in vivo de T2D por DIO-HFD.

Fase 3: Evaluacion del efecto de CUAQE en modelo in vivo de DPN

Establecer un modelo in vivo de DPN asociada a DM.

Evaluar la funcién del nervio periférico mediante estudios electrofisiolégicos del
nervio periférico sensorial sural.

Determinar el efecto neuroprotector a través de pruebas conductuales y de dolor
en modelo in vivo de DPN.

Cuantificar la actividad antioxidante de CuAqE a través de la medicion de la

actividad de la enzima aldosa reductasa.

6. Estructura del trabajo experimental por capitulos

Para presentar de manera organizada y publicable los hallazgos de esta investigacion,

el trabajo se ha estructurado en tres capitulos principales, cada uno correspondiente

a una fase experimental y desarrollado en formato de articulo cientifico.

15



6.1 Diabetes mellitus murine models using multiple low doses of streptozotocin
(type 1), and diet-induced obesity by high-fat diet feed (type 2) in C57BL/6 male

mice

ABSTRACT

Background: Hyperglycemia is a clinical manifestation of diabetes mellitus (DM). The
prevalence of diabetes, a significant public health problem, is rapidly increasing worldwide.
Type 1 diabetes (T1D) and Type 2 diabetes (T2D) are the two most frequent categories of
diabetes. Different animal models of DM available, such as spontaneous, transgenic, or
induced. For a long time, the most commonly used model to induce DM is C57BL/6 mouse.
Nevertheless, the age of mouse, time and method of DM development determine the success
rate and comparison between research.

Aim of the study: We aimed to generate and characterize an appropriate and stable model
nongenetic mouse of T1D and T2D in C57BL/6 male mice.

Methods: For T1D mice were fed a standard diet for twelve weeks, followed by multiple low
dose streptozotocin (MLD-STZ, 20 or 40 mg/kg) or thirty-six feeding, single high-dose of STZ
injection (SHD-STZ, 150 mg/kg). For T2D mice were diet-induced obesity (DIO) by high fat diet
(HFD) fed for thirty-six weeks. Additionally, a combined model was developed with DIO-HFD
and STZ (50 mg/kg). Body weight, food and water intake was monitored weekly. Blood glucose
and insulin were measured. HOMA-IR and HOMA-B were calculated as insulin resistance.
Results: After 8 weeks, both models presented hyperglycemia with values >200 mg/dL (T2D)
and >300 mg/dL (T1D). Decreased body weight and increased HOMA-B (B cell failure) were
observed in T1D. Body weight gain (obesity) and increased HOMA-IR (insulin resistance) in
T2D (p<0.001).

Conclusions: T1D and T2D models are profitable, easy to make, stable, and with long-lasting

hyperglycemia for testing drugs or herbal medicines with hypoglycemic properties.

Keywords: Type 1 diabetes (T1D), Type 2 diabetes (T2D), multiple low dose streptozotocin
(MLD-ST2), high fat diet (HFD), hyperglycemia, obesity and insulin resistance.
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1. Introduction

Recent prevalence estimates and projections for diabetes mellitus (DM) indicate a
global prevalence of 10.5% (536.6 million people) among 20—-79-year-old in 2021,
expected to rise to 10.5% rising to 12.2% (783.2 million) by 2045 (Sun et. al., 2021). In
Mexico, the prevalence of DM has gradually increased from 14.4 to 18.3% between
2006 to 2022, posing a significant challenge to the healthcare system and impacting

the overall quality of life for the population (Basto-Abreu et. al., 2023).

Hyperglycemia, a prominent clinical manifestation of DM, arises from a relative or
complete lack of insulin, which is a peptide hormone produced by the pancreatic B-cells
located in the islets of Langerhans, plays a fundamental role in managing blood glucose
(BG). Its primary function is to regulate BG within the normal physiological range by
enhancing the absorption, uptake and storage in peripheral tissues through anabolic
effects (King and Bowe, 2016).

Type 1 diabetes (T1D) and type 2 diabetes (T2D) are notable as the two most frequent
categories of diabetes. T1D, is characterized by autoimmune destruction of pancreatic
B-cells, leading to insulin deficiency, On the other hand, T2D is associated with non-
autoimmune progressive loss of adequate [B-cell insulin secretion, often occurring
against a background of insulin resistance (IR) and metabolic syndrome (ElSayed et.
al., 2023).

Persistently elevated BG levels and pancreatic B-cell dysfunction contribute to a more
rapid functional deterioration, resulting in a non-compensatory hyperglycemic state is
a key diagnostic feature of T2D. For the above, is the difference between metabolic
syndrome and this disease (Morris et. al., 2016). Unfortunately, currently, there are no
effective and efficient treatments available for these diseases that can cure them

completely; despite numerous advances in the therapeutic field.
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Consequently, a comprehensive understanding of the pathophysiology and the
exploration of new preventative or therapeutic approaches to treating DM are urgently
needed (Gheibi et. al.,, 2017). In response to the prevalence of DM and its
complications, several rodent models have been developed (Sullivan et. al., 2008;
Biessels et. al., 2014; O'Brien et. al., 2014; Jolivalt et. al., 2016).

Numerous animal models of diabetes are currently available, each classified based on
the type of diabetes they simulate (T1D or T2D) and the method of generation:
spontaneous, transgenic by genetic manipulations or induced (utilizing surgical models,
administration of toxic substances, hyper-caloric diets, immunosuppressors, or even
viral infections). Moreover, both surgical and non-surgical methods can be combined
to replicate special or more complex types of DM, such as combining high-fat diet (HFD)
with streptozotocin (STZ), or under specific physiological conditions, such as during

pregnancy (Brito et. al., 2016).

According to King & Bowe, one of animal models of T1D involved protecting B cells
from damage, with characteristic being the steady autoimmune destruction B-cells. The
most commonly employed method for achieving this is the chemically-induced DM by
multiple low dose streptozotocin (MLD-STZ), which causes a gradual autoimmune
destruction of B-cells, in contrast to the rapid destruction stimulated by a single high-
dose STZ injection (SHD-STZ).

In the case of T2D, understanding the pathogenesis is crucial, with a focus on the role
of IR and/or obesity, which are key characteristics of IR and impaired glucose tolerance.
The most commonly utilized method to develop DM is diet-induced obesity (DIO),
achieved by feeding mice a high fat diet (HFD) (King & Bowe, 2016).

The aim of this research is to generate and characterize an appropriate and stable
model nongenetic of DM in C57BL/6 mice, considering the main clinical and metabolic
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manifestations considering its advantages and disadvantages. The goal is to provide a

practical guide for evaluating drugs and biopharmaceuticals with therapeutic potential.

We developed MLD-STZ and SHD-STZ models for T1D and DIO-HFD to induce T2D.
Additionally, a combined model was constructed to simulate the natural progression
from obesity and impaired glucose tolerance to T2D; utilizing SHD-STZ to induce a

greater degree of hyperglycemia in DIO-HFD mice.

2. Material and methods

2.1. Materials

The Rat/Mouse Insulin ELISA Kit was purchased from Millipore Corporation, USA.
Pentobarbital sodium (Pisabental ®) was obtained from Pisa Agropecuaria (PiSA®
Farmacéutica, México). Streptozotocin (STZ) and anhydrous glucose were acquired
from Sigma Aldrich, St. Louis, MO, and test strips Accu-Chek Aviva bought in Roche,
UK.

2.2. Animal procurement and housing

C57BL/6 male mice, aged four to six weeks, were acquired from Unidad de Produccion
y Experimentacién de Animales de Laboratorio UPEAL-CINVESTAV-IPN (México City,
México). Upon arrival, the mice were housed in a controlled environment (212 C,
50+10% humidity) with a 12 h light/dark cycles (7:00am to 7:00pm) and provided with
standard rodent food (Chow 5001) and water ad libitum. After a 5-dy acclimatization
period, the mice were randomly assigned to diet groups and individual housed in acrylic

cages.

The animal study protocol underwent review and approval by the local Animal Ethical
Review Committee (CE102018015R2. FCQ-UASLP, San Luis Potosi, México). All
procedures were conducted in accordance with animal ethics guidelines outlined in the
Mexican Norm for Animal Care and Handing (NOM-062-Z00-1999).
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2.3 DM models

For DM models, mice (similar body weight and fasting glucose) were categorized as
follows: seemingly healthy (CTL-NOM) mice fed standard diet (SD), for T1D models,
mice injected with MLS-STZ or SHD-STZ (STZ-T1D) and for T2D models, mice fed
DIO-HFD (DIO-T2D) and DIO-HFD injected with SHD-STZ (DIO-STZ-T2D) to

combined model.

All mice had ad libitum access to diets and water. The experimental design is illustrated
in Figure 1, and the cut-off points of DM (12 or 36 weeks) simulate the ages at which
DM occurs (Table 1S) (Roser et. al., 2013; Schofield et. al., 2017).

2.3.1 Type 1 diabetes mouse model

CTL-NOM mice were injected intraperitoneal with vehicle sodium citrate buffer (VB)
and STZ-T1D mice were randomized for injections with containing 20,40 or 150mg/kg
of STZ in VB with dose volume of 0.3 mL/kg IP. At 12 weeks, five consecutive doses
(20 or 40 mg/kg) were administrated (STZ20-T1D and STZ40-T1D, respectively), and
36 weeks, a single dose was given (STZ150-T1D). STZ was freshly prepared a 10
mg/mL solution in VB (1.47 g NasCeHsO7 per 50 mL ddH20, pH 4.5) using 1 mL
disposable insulin syringes (BD Biosciences) in a fume hood. The mice were injected
with STZ at approximately 4:00 p.m. after a 4-hour fasting period, one daily for five
consecutive days by intraperitoneal injection. Subsequently, mice continued to receive
their diet for next 8 weeks.

2.3.2 Type 2 diabetes mouse model

Following the acclimatization period, DIO-T2D and DIO-STZ-T2D mice were fed with
HFD for 36 weeks. The composition and energy densities of the HFD are detailed in
Table 1. Diets with animal fat, such as lard (20-40g/100g), known for their high
saturated fat content, are more likely to induce obesity and diabetes in susceptible
strains (Guo et. al., 2018). After 36 weeks, DIO-STZ-T2D mice was administered as
previously described, single dose STZ (50mg/kg) for induction of combined T2D for

20



DIO-HFD and HSD-STZ (DIO-STZ50-T2D). Subsequently, all mice continued to

receive their diet for next 8 weeks.

Aclimatized 2 £ 7 -
Feeding SDtat —— Metabolic phenofypm.grozf;abetes models mice
1 ___T1D TID
CTL-ROM l]l] Standard Diet (SD)
DIO-T2D Ill High fat diet (HFD) induced obesity (DIO)
Muitiple Low Doses Streptozotocin (MLD-STZ} Single doses STZ
20 or 40mg/kg/day 150 or 50mg/ke

[
- I||l Standard Diet (SD)

I High fat diet (HFD) induced obesity (DIO)

Body weight, food and water intake monitored weekly and
Fast blood glucose (FBG) monitored monthly

S A T N T T T

Time {weeks)

Figure 1. Experimental design for DM murine models.
Strategy to develop of Type 1 diabetes (T1D) and Type 2 diabetes (T2D) in C57BL/6

male mice.

2.4 Growth patterns (GW) and body composition (BC)

Individual body weight (BW) was measured weekly throughout the 44-weeks duration
of the experiment with a precision 0.1g using an electronic balance. Additionally, BW
variations at the cut-off points of each DM models were used to identify
pathophysiological status of obesity (Table 2S). Body length (BL) was determined by

measuring nasal-to-anal distance using a Vernier caliper when mice were anesthetized
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with isoflurane inhalation to ensure good immobilization and positioning during a five-

minute measure.

Table 1. Composition of the standard diet and the high fat diet.

Diets

high-fat diet standard

Energy density (HFD) Chow diet (SD)
Modified 5008 Chow
Chow 5008 5001
Kcal Protein 32.21 26.85 28.50
provided Fat 52.66 16.71 13.50
% Carbohydrate 15.18 56.44 58.00
Chemical Protein 13.91 23.50 23.90
Composition Fat 40.58 6.50 5.00
% Carbohydrate 29.24 49.40 48.70
Fiber 2.25 3.80 5.10
Minerals 4.02 6.80 7.00
Moisture 10.00 10.00 10.00
Kcall/g Gross energy 5.93 4.15 4.07
Metabolizable energy 5.12 3.31 3.02
Physiological fuel value 5.38 3.50 3.36

Composition of HFD: 72.5g Chow 5008, 35g Lard, 10g Canola oil and water.

Body surface area (BSA) was derived from the DuBois equation:
BSA = 0.20247 * BW %425 x B[ 0725

Were BW in kg, BL is in m, and BSA in m2. Body mass index (BMI) was calculated as
the ratio between body weight and body surface (kg/m?). The formulas to calculate
these parameters specifically in mice were obtained from the investigation of Gargiulo
et. al., 2014. Body growth (BG) was identified as growth rate (GR) and total and monthly
weight gain (WGt and WGnm). GR defined as the weight increment per unit of time, was
calculated from the formula: GR= W+Wi. For WGt was defined as the subtraction of the
final weight from the initial weight. WGm= WG1 - WG2/t2-11.



Additionally, to evaluate the degree of obesity in T2D model, body surface area (BSAx)
and Lee index were used. BSAx (cm?) was estimated using the Meeh formula: BSAx= k
BW()°-¢¢7, where k (Meeh constant) must be empirically determined by species. A Meeh
constant of 10 is typically reported for mice; however, a value of k=9.85 reported by
Cheung et. al., 2008 was used. Lee Index was calculated according to Cao et. al. 2020

by the cube root of body weight (g)/naso-anal length (cm).

2.5 Energy metabolism (EM)
Water and food intake was also recorded weekly. Energy density data as seen in Table
1, were used to calculated gross energy, metabolizable energy (ME), loss energy

(urine, feces, methane), and physiological fuel value for groups of mice fed both diets.

The relationship between basal metabolic rate (BMR) and body weight in different-sized
mammals is described by the function: BMR=cW?°, where BMR is basal metabolic
rate (kJ/day), W is body weight (kg), and c is basal metabolic rate per kg®’® per day,
which is 300 kJ/kg®’>day. Thus, the basal metabolic rate in different- sized species is
proportional to the body weight raised to the 0.75 power, also known as metabolic

weight (MW) which was also calculated (Terpstra, 2001).

The total daily expenditure of energy (TEE, TDEE, or DEE) can be partitioned into
different components. These normally include the energy spent on basal metabolism,
the thermic effect of food (the increase in energy expenditure following food intake
which is also called the heat increment of feeding or the specific dynamic action), the
energy spent on thermoregulation and the energy spent on physical activity
(Speakman, 2013). If one assumes that the basal metabolic rate comprises 75% of the
total energy expenditure, then the total daily expenditure of energy can be described
by the function: DEE=400kJ/kg®’°day (W°’%) and energy balance (EB) was a
comparison between energy revenues and energy expenditures represented as: EB=
ME- DEE. Food efficiency ratio (FER) was calculated as (gain body weight total/ Food
intake total) *100.
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2.6 Metabolic profile (MP)

2.6.1 Clinical Biochemistry

Blood samples from weekly cohorts of 12 or 36-week-old male mice, fasted overnight
(12-18 h), were obtained by tail vein puncture for experimental BG measurement. A
handheld blood glucose monitor (Accu-Check Aviva, Roche, UK) was used to

determine BG.

Fasting blood glucose (FBG) and Postprandial blood glucose (PPBG) were measured
every month to confirm hyperglycemia. Physiological reference range of FBG, we used
to determine Cut-off levels: normoglycemic (€150 mg/dL), prediabetes (<200 mg/dL),
DM (>200 mg/dL) (Table 4S), and Cut-off level PPBG: normoglycemic (€185 mg/dL),
prediabetes (<235 mg/dL), and DM (>285 mg/dL) (Table 5S).

For the T1D model, FBG was measured before and after STZ administration by MLD-
STZ model (5 days), and to monitor the course of the disease, it was determined for 8
weeks. For the T2D model, at 36 weeks, FBG was measured weekly throughout two

months.

Mice were subjected to a fasting period of 10-12 hours before in vivo analysis, mice
were anesthetized with intraperitoneal pentobarbital sodium doses adjusted according
to the weight of each mouse (80mg/kg IP). Subsequently, mice were euthanized by
cardiac puncture to collect blood for endpoint experimental procedures, including
biochemical analyses. Plasma insulin levels were measured following the
manufacturer's protocol. Microplate reading at 450nm was conducted using multiskan

photometer with Ascent software (Thermo Fisher Scientific®, USA).

2.6.2 Blood glucose kinetics: Oral glucose tolerance test (OGTT)
For OGTT, glucose was prepared in dilution with isotonic solution according to the
established dose (1g/kg) and administered by oral injection. After nine-hours fast

(23:00-8:00), at time point 0, mice were injected with isotonic solution, and glucose
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concentrations were measured at 0,15,30,60,90 and 120 minutes to assess the effects
of handling on FBG. The trapezoidal approximation rule and plotted curve with chart
trendline were used to determine the area under the curve (AUC) over the course of

the glucose tolerance test. AUCocTT was used for evaluating IR.

2.6.3 Insulin resistance

To calculate Homeostatic Model Assessment insulin resistance (HOMA-IR),
Homeostatic Model Assessment beta-cell function (HOMA-B or %), Homeostatic
Model Assessment insulin sensitivity (%S), insulin disposition index (DI), and
guantitative insulin sensitivity check index (QUICKI), formulas for the single-pool first-
order glucose kinetics were adapted from a previous method in mice (Van Dijk et. al.
2013). See Table 2.

2.7 Statistical analysis

Results are expressed as mean * standard deviation (SEM). Data were subjected to
analysis using one-way ANOVA, followed by Bonferroni post hoc test, where a
significance level of p<0.001 value was employed to determine statistical significance.
All analyses were conducted in at least three independent experiments, and each
experiment was analyzed at least in triplicate. Statistical analysis was performed using
the proc GLM procedures of SAS version 9.3 (SAS Inst. Inc., Cary, NC).
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Table 2. Formulas for calculated parameters for insulin resistance (IR)

Eq.1 Homeostatic Model Assessment HOMA — IR = (Glucose mmol/L)(Insulin mUI/L)/(BV mmol pUI
/L?)
Eqg. 2 Insulin sensitivity %S = (BV mmol pUI/L?)/(Glucose mmol/L)(Insulin pUI/L)
* 100%
Eq.3 p-cell function 1 mmol b
HOMA—-pB=||—U ] I1/L - —
o B [m (Insulin pUI/ )] )/ (Glucose I ) o
* 100%
Eq.4 Disposition index %ID = (%S) (%p) /100%
Eq.5 Quantitative Insulin Sensitivity QUICKI = (1)/(log10 Glucose mmol/L)
Check Index + (log 10 Insulin pUI/L)

Eq. 1. It was assumed that these lines intersect the median data point of the control group, for the research using

average fasting glucose (5.99/6.97 mmol/L) and plasma insulin (28.13/ 139.58 mU/L) concentrations from the control
mice fed with standard diet at 20/44 weeks. The basal value for HOMA-IR (BV) is the product of both values (168.65/
972.39 mmol muU/L?).

Eq. 2. %S represents whole body insulin sensitivity. Eq. 3. To deduce the lines representing 100% insulin sensitivity

and 100% B-cell function (%B or HOMA-B) in the control group we used an empirical approach. The linear regression

line through the data points of control group (m=12.19 and b=75.6 mmol pUIL?) was determined and data of the line

were used for the calculation of % in individual mice. Eq. 4. It has been shown that in normal situations changes in

%S are adjusted by inverse effects in %B so that the relation between %B and %S can be described by a hyperbolic

function and represents insulin disposition index. Eg. 5. QUICKI which is a HOMA modified, since it uses insulin and

glucose but applying a logarithmic transformation.
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3. Results

3.1 Growth patterns and body composition

At baseline, BW did not differ among any of the groups of mice (start). However, BW
was expected to be reduced in the MLD-STZ/SHD-STZ models (T1D) and higher in
HFD-DIO (T2D) (p<0,001). Within groups of SD fed mice (12 or 36 weeks), mice
exposed to MLD-STZ/SHD-STZ treatments had a significantly lower BW compared to
CTL-NOM at over time (8weeks). Post-STZ (8 weeks), BW differed between STZ20-
T1D and STZ40-T1D (p<0,001).

In contrast, BW during generation of T2D was significantly greater in HFD-DIO versus
CTL-NOM mice during 44 weeks (p<0,001). Moreover, HFD-DIO that received 50
mg/kg STZ (DIO-STZ50-T2D mice) lost a significant amount of BW and became

severely underweight (p<0,001 versus DIO-T2D mice) by end of investigation duration
(Fig. 2).

The pathophysiological status of obesity in C57BL/6 male mice fed with HFD is shown
in table 2S. STZ40-T1D mice were considered underweight at 8 weeks post-STZ (Fig.
3). From these cut-off points after 16 weeks, HFD produced obesity (p<0,001), but after
week 24 until the end of feeding, became more obese (p<0,001) classifying them with
obesity class Il (36 weeks). At 40 weeks, the increase in BW is not considerable (Fig.
4), so to make biological evaluations was considered the development of obesity from
20 to 36 weeks.

Due to increase in BW, BSA increase in DIO-T2D and DIO-STZ50-T2D mice from 4
weeks, although after STZ, BSA was lower in STZ20-T1D, STZ40-T1D, STZ50-T1D
and DIO-STZ50-T2D mice (p<0,001) due to weight loss. The same effect is observed
for BIM, and there were no considerable changes in body length (BL) (Table 3S).
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Figure 2. Longitudinal variation of body weight in DM murine models.

BW changes in C57BL/6 male mice fed with two dietary regimens: a HFD and SD to developed DM. Values represent
means = SEM of each group. Statistical analysis was performed using two-way ANOVA with Bonferroni multiple
comparisons test. ***p<0,001; ** p<0.05 vs CTL-NOM and 2 p<0,001 DIO-T2D vs STZ20-T1D.

28



g Ovesity QGass I {morbkl) A DIO-T2D
s Cbesity Class I (sovere) 0o STZ20-T1D
o Obestty Class | (moderate) = STZ40-T1D
g Overw eight < CTL-NOM
‘B o 75 Normal w eight
- - - '
Lo .:.'ﬂ'ﬂ .ﬁ.goeﬁ- E.g mﬁaeﬁ. Underw aight
8 Severaly underw eight
3
10 v v v v - - v
0 5 10 15 20 25 30 35
mouse number
80 .
E Obesity CGlass Il {morbid)} A DIO-T2D
"6 50 Obeslty Class I (severs) o  STZ20-T1D
=) g Obesty Class | {moderate) = STZ40-T1D
@ Overw eight < CTL-NOM
=
‘S 20 - S R— 7oy e Normal w eight
og Bmggﬁiﬁ ﬁi og °8i°
o "] ﬁn L] ﬁ. Oa. Underw aight
8 20— Severcly underw aight
-t
5
10 - : : - . .
0 5 10 15 20 25 30 35
mouse number
— 60 Obesity Glass I (morbid)
= ; A DIO-T2D
(5] 50 Obesity Qass § (severe)
,.6 - o STZ20-T1D
> P Obesity Class | (moderate) = STZ40-T4D
» Overw aight ©  CTL-NOM
c
N3 = —~ — — Normal w eight
o 30 0S8 oogag oo"oﬁ o °°g.;s°° 20
g = = g ) o 5 Underw aight
20— Severely underw eght
3
10

0 5 10 15 20 25 30 35
mouse number

Figure 3. Body weight variations in C57BL/6 male mice on cut-off points of T1D.
Individuals BW were used were graphically presented at cut-off points for identify the
physical nutritional status of diabetic mice. (A) at 12 weeks before MLD-STZ (B) at 16
weeks and (C) at 20 weeks after MLD-STZ.
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Individuals BW were used were graphically presented at cut-off points for identify the
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Weight gain or loss in each of DM models can be seen in table 3. Taking into account
BW at week 44 of CTL-NOM mice (30.5g). DIO-T2D mice had a more than double WG
and a loss for STZ20-T1D (5%), STZ40-T1D (8%), STZ50-T1D and DIO-STZ50-T2D
mice (16%) (p<0,001). Additionally, parameters to estimate the degree of obesity in
DIO-T2D mice were determined. At week 16, Lee index is constant, and BSA«

increases directly proportional to time (p<0,001), as shown by DIO-HFD mice (Fig. 1S).

Table 3. Body growth parameters in DM murine models.

T1D model
Before LDS (12 weeks) After LDS (20 weeks)
Parameters BG WGt WGm GR WGt WGm GR
CTL-NOM 3.71+1.05 1.24+0.35 1.16x0.05 1.60+0.64  0.80+0.32 1.06+0.02
STZ20-T1D 3.92+1.26  1.31#0.42 1.17+0.06 -1.26+1.34* -0.63x0.67 0.96+0.05*
STZ40-T1D 3.72+0.93  1.24+0.31 1.19+0.07 -2.35+1.33* -1.18+0.66 0.91+0.05*
Before LDS (36 weeks) After LDS (44 weeks)
CTL-NOM 6.32+1.45 0.70+0.16 1.26x0.07  0.20+1.07  0.10+0.53 1.01+0.03
STZ150-T1D 5.98+1.38 0.66+0.15 1.25+0.06 -4.84+1.54* -2.42+0.77 0.84+0.05*
T2D model
DIO-T2D 32.79+3.15* 3.64+0.35* 2.40+0.16* 1.59+1.04*  0.79+0.52 1.03+0.02
DIO-STZ50-T2D  33.85+2.03* 3.76x0.23* 2.46+0.13* -4.61+0.90* -2.31+0.45 0.92+0.02*2

Growth rate (GR) and weight gain total and monthly (WGt and WGm) in C57BL/6 male
mice on cut-off points of DM. Values represent means = SEM of each group. Statistical
analysis was performed using two-way ANOVA with Bonferroni multiple comparisons
test. *p<0,001 vs CTL-NOM and & ? p<0,001 vs DIO-T2D and STZ20-T1D respectively.

3.2 Energy metabolism

Feed consumption is reported as caloric intake (Gross energy). After STZ in T1D
models, there is an increase in calories ingested by STZ20-T1D, STZ40-T1D, STZ50-
T1D and DIO-STZ50-T2D mice (p<0,001). Until week 36 in DIO-T2D mice, there was
a significant difference in high-calorie consumption compared to the CTL-NOM mice
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(Fig. 5A; p<0,001). These data suggest the presence of polyphagia in DM models (see
Fig. 2S). Metabolizable energy, loss energy as urine, fecal, methane and physiological

fuel value of each DM model can be consulted in table 4S.

The daily volume drank of water was higher CTL-NOM mice compared to DIO-T2D
mice (p<0.001); this difference could be attributed to DIO-HFD modifying the satiety
center of animal. Conversely, after STZ induction in T1D models, there was a
substantial increase in water consumption (p<0.001) (Fig. 5B). This indicates the
presence of polydipsia, and a daily change of sawdust in the mouse's box was

necessary due to the onset of polyuria.

Regarding the comparison between energy revenues and energy expenditures
expressed as EB, it shows the same trend as gross energy (Fig. 6), indicating
dysregulation of food intake. Metabolic Weight, basal metabolic rate, and total daily

expenditure of energy, necessary for calculating EB, are shown Table 5S.

3.3 Metabolic profile

Fasting blood glucose levels in DM murine models can see in figure 7. In the
development of T1D by MLD-STZ, a significant increase in FBG was observed. As
anticipated, in each of DM model, FGB was significantly elevated compared to CTL-
NOM mice (p<0,001). FBG increased two to threefold compared to basal concentration
after STZ administration (p<0,001).

Subsequently, BG concentration increased significantly, reaching levels that are
considered values for chronic diabetes. FBG increased significantly when mice
received HFD for 36 weeks, while it remained almost unchanged in CTL-NOM mice
(p<0,001). From weeks 12 to 32, with blood glucose levels greater than 150mg/dL,
DIO-T2D mice were classified as having pre-diabetes, from week 36, acute diabetes;
and at 44 weeks, chronic diabetes (Table 6S and 7S).
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FBG values for STZ-injected mice were significantly elevated after the fourth injection
and increased substantially during the subsequent weeks. In DIO-STZ50-T2D mice,
FBG increase very rapidly from start of STZ administration (p<0,001), surpassing DIO-
T2D and reaching classification as chronic diabetes. Interestingly, there were
significant differences in FBG (p<0,001) between DM models (Figs. 3S and 4S). Similar

differences in the increase and classification of DM are observed in PPBG (Fig. 8).

Figure 9 show the results of OGTT in two types DM, performed after 8 weeks of cut-off
point (12 weeks for T1D and 36 weeks for T2D). In CTL-NOM mice, BG peaked at 15
min after glucose bolus; thereafter, a first-order kinetic of glucose elimination occurs
until minute 120. In contrast, DIO-STZ50-T2D and DIO-T2D mice showed minimal
glucose elimination between minute 15 and 120, suggesting severe glucose

intolerance.

Figure 10 depicts plasma insulin levels in MLD-STZ/SHD-STZ models (STZ40-T1D and
STZ150-T1D mice), which were significantly lower compared to CTL-NOM mice
(p<0,001), attributed to STZ-induced destruction of pancreatic -cells similar to T1D. In
DIO-T2D mice, there was evidence of hyperinsulinemia (p<0,001) compared to CTL-
NOM mice.

3.4 Insulin resistance (IR)

Parametric models, such as HOMA-IR, are commonly used to assess the degree of IR
and glucose intolerance. IR measured by HOMA-IR was increased in DIO-T2D and
DIO-EZT50-T2D mice (p<0,001). There was no difference in insulin levels or HOMA-
IR between MLD-STZ/SHD-STZ models (STZ20-T1D, STZ40-T1D and STZ150-T1D)
and CTL-NOM mice, indicating the absence of IR but presence insulin deficiency, the
main characteristic of T1D. Interestingly, plasma insulin and HOMA-IR were one-fold
lower in DIO-EZT50-T2D compared to DIO-T2D mice, presumably as a consequence
of single dose of STZ at week 36 (Fig. 11 A).
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STZ20-T1D and DIO-T2D respectively.
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Similar results were obtained when insulin sensitivity was determined using QUICKI.
Furthermore, QUICKI evidenced a decrease in insulin sensitivity only in HFD-DIO mice
(T2D) versus CTL-NOM (p<0,001). In mice fed with SD that received STZ (T1D), data
revealed no difference in insulin sensitivity when were compared (Fig. 11 B). IR
analyzed as AUC shown in figure 11 C was apparent in T2D mice (DIO-T2D and DIO-
EZT-T2D mice) compared to CTL-NOM (p<0,001) post-glucose challenge, indicating

impaired glucose clearance.

In addition, the %S and HOMA-B were calculated, with values of CTL-NOM mice
representing 100% insulin sensitivity and 100% B-cell function. In Fig. 12 A, after 36
weeks %S was slightly but significantly reduced in DIO-T2D and DIO-STZ50-T2D mice
(p<0,001). B-cell function (%B) in CTL-NOM mice remained unchanged but was
increased in DIO-TD2 mice (p<0,001), implying compensation for reduced insulin
sensitivity by increasing B-cell activity. In T1D models, function is diminished (p<0,001)
due to chronic MLD-STZ and severe SHD-STZ destruction of the pancreas (Fig. 12 B).
Shown in Fig. 12 C, DI, a measure for the ability of B-cells to compensate for reduced
insulin sensitivity. Therefore, T1D groups have very low levels at the end of the
experiment (p<0,001). Besides DI in DIO-T2D mice was greatly reduced compared with
CTL-NOM mice (p< 0,001).

3.5 Phenotyping of DM murine models

In this study, C57BL/6 male mice received 20, 40, or 150 mg/kg STZ (T1D), induced
significant body weight loss by eight weeks after STZ injections with decreased insulin
levels and increased FBG and PPBG dependent on STZ concentration. T1D groups
have low levels %S, HOMA-B and DI, indicating impaired B-cell function. Polyuria,
polydipsia and polyphagia were also observed in this model. On the other side,
C57BL/6 male mice consuming HFD generated obesity, hyperglycemia, insulin
resistant (key characteristics of T12D). Alterations in FBG, PPBG and HOMA-IR, were

observed, along with excessive increase in calorie consumption and weight gain.
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Figure 12. Insulin sensitivity in DM murine models. (A) Insulin sensitivity (%S). (B)
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4. Discussion

4.1 T1D Model

The diabetes-inducing agent STZ is a monofunctional nitrosourea derivative isolated
from Streptomyces achromogenes. It has broad-spectrum antibiotic activity and
antineoplastic properties and is often used to induce DM in experimental animals
through its toxic effects on pancreatic 8 cells. STZ is a potent alkylating agent known
to directly methylate DNA and is highly genotoxic, producing DNA strand breaks, alkali-
labile sites, unscheduled DNA synthesis, DNA adducts, chromosomal aberrations,

micronuclei, sister chromatid exchanges, and cell death (Bolzan & Bianchi, 2002).

The destruction of pancreatic 3-cells by STZ is associated with a huge release of insulin
in their first phase, and then in the second phase, the destruction has led to deficiency
of insulin causes hyperglycemia (Prog Drug Res, 2016). Several STZ dosing methods
exist in the literature, depending on the type and severity of diabetes intended for the
specific experimental protocol. The dose can vary greatly based on the species of the
animal, the age of the animal, the route of administration, and the weight of the animal
(Rais et. al., 2022).

Diabetogenic doses although variable, these dosing systems tend to fall into one of
three categories: multiple small doses of STZ (MLD-STZ) over a period of several days
(30-80mg/kg x 3-5 days), a single moderately sized dose (100-125 mg/kg), or a single
large dose of the drug (150-300mg/kg) (Deeds et.al., 2011).

MLD-STZ are generally used in experiments attempting to mimic autoimmune insulitis
and tends to produce T1D. C57BL/6 male mouse model of diabetes induced by MLD-
STZ with 40 mg/kg for 5 days produce pancreatic insulitis, with progression to nearly
complete B cell destruction and DM (Wang & Gleichmann, 1998; Friesen et. al., 2004).

The MLD-STZ model employed in this study using C57BL/6 male mice, adequately

demonstrated the key features of T1D, including a lean phenotype, hypoinsulinemia,
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and hyperglycemia, as demonstrated by both raised FBG and PPBG. Furthermore, the
MLD-STZ/SHD-STZ models does not exhibit elevated HOMA-IR (evidence of IR),
which is due to the suppressive effect of STZ on B-cell production of insulin, thereby
preventing increased insulin secretion (Glastras et. al., 2016).

4.2 T2D Model

Studies have revealed that to induce DM by DIO-HFD in mice, 50-60 kcal% fat is
commonly used. However, when screening the effects of drug or genetic manipulation,
it may sometimes be necessary to use a 50% fat diet, as it could be more difficult to
prevent or reverse the effects of this extreme 60% fat diet (Wang & Liao, 2012). It
should be noted that different types of fats have different effects on glucose

homeostasis and insulin sensitivity.

C57BL/6 mouse model is advantageous given its short gestational period, long
lifespan, ease of availability, and the animal’s tendency to over-consume HFD, thus
mimicking human behavior and resulting in an obese phenotype. Furthermore, the wild
type C57BL/6 mouse is particularly susceptible to weight gain when fed HFD compared

to other genetically manipulated mouse models (Glastras et. al., 2016).

Both obesity and aging are characterized by a low-grade inflammatory state and
endocrine changes. Obesity is accompanied by and accelerated with chronic
inflammation in adipose tissue, especially visceral adipose tissue (VAT). This low-level
inflammation predisposes the host to the development of metabolic disease, most
notably T2D (Satoh et. al., 2022). Chronic inflammation in metabolic organs that affect
IR and systemic energy metabolism is regulated by diverse com-ponents of the immune

system (Zmora et. al., 2017).

Diet plays a crucial role in experimental animal nutrition, and understanding the relevant
mechanisms of specific nutrients in creating an animal model is essential (Gheibi et.

al., 2017). The first description of HFD inducing obesity through nutritional intervention

50



dates back to 1959 (Masek & Fabry, 1959). The C57BL/6 mouse model fed a high-fat
diet (HFD), introduced by Surwit et. al. (1988), is used as a model of T2D due to altered
glycemic response to ad libitum exposure to DIO-HFD. Obesity-associated insulin
resistance is a major risk factor for T2D, and this group of mice may exhibit
characteristic of T2D (Aigner et. al., 2008).

Mice fed a DIO-HFD gradually develop IR; showing impaired insulin sensitivity
combined with greater insulin secretion, similar to characteristic observed in many
obese humans. The progression to T2D in human with obesity is primarily attributed to
insulin secretory dysfunction and a significant loss of functional pancreatic § cells
(Gilbert et. al., 2011).

Furthermore, our dates suggest that a longer feeding time to DIO-HFD (36 weeks) may
increase susceptibility to insulin sensitivity. Pancreatic 8 cell factors are thought to
control glucose homeostasis by modulating insulin levels and insulin sensitivity, and
further studies are needed to better define models of DM by means of impaired (3-cell

function, not solely relying on BG and insulin levels (Xu et. al., 2020).

DIO-HFD in C57BL/6 male mice significantly increased both insulin and BG, resulting
in increased HOMA-IR and HOMA-B, decreased DI and %S (Van Dijk et. al., 2013).
C57BL/6 male mice fed with DIO-HFD develop hyperglycemia, hyperinsulinemia,
increased BW, central obesity, adiposity, hypertension, hyperlipidemia, glucose
intolerance and IR, giving rise to T2D as complex metabolic disorder essentially
characterized by these alterations (Collins et. al., 2004; Brito et. al., 2016; Glastras et.
al., 2016).

Moreover, C57BL/6 male mice fed with HFD developed weight gain, elevated HOMA-
IR compatible with the presence of IR, dyslipidemia, fat storage, and hepatic structural
changes, and low-grade inflammation along with gut microbiota changes (Liu et. al.,

2016). Most of these considerations were observed in our study.

51



Following the introduction of the DIO-HFD model, several modified models have been
developed. Two most important modifications involved the additional use SHD-STZ and
MLD-STZ with DIO-HFD; both are considered effective in inducing T2D (Radenkovi¢
et. al., 2016).

Our study found that a single dose 50 mg/kg STZ administered to HFD-DIO (DIO-
STZ50-T2D mice) induced a phenotype that was more akin to chronic diabetes, where
plasmatic insulin levels were markedly diminished compared to DIO-HFD (DIO-T2D
mice), resulting in low glucose-mediated insulin secretion. The addition of SHD-STZ
together with DIO-HFD mitigates the effect of DIO-HFD on adiposity and
hyperinsulinemia. These results suggest that the short-term effect of one dose of STZ
in this model is sufficient to exacerbate the metabolic effects seen with DIO-HFD, but

it appears to represent a T1D rather than T2D model.

Combining a DIO-HFD murine model with SHD-STZ-inducing destruction of pancreatic
B-cells aims to expedite the development of overt DM symptoms. However, micro- and
macro-vascular complications associated with clinical T2D require significant time to
become established and cannot be achieved in a short-term treatment regime (Morris
et. al., 2016). Therefore, we use a time of 36 weeks’ timeframe to develop T2D, with
the administration of STZ leading to a more severe state of DM, allowing for the

evaluation of its complications.

4.3 Phenotyping of DM in C57BL/6 male mice

The C57BL/6 mouse model is extensively utilized due to its ability to replicate numerous
aspects of DM. However, there is inherent heterogeneity among C57BL/6 mice in their
response to an HFD-DIO in developing DM (Winzell & Ahrén, 2004; Hull et. al., 2017;
Parilla et. al. 2018). Although different studies agree on the manifestation of
hyperglycemia compared to normal controls, there is no consensus on a diagnostic or

cut-off judgment.
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In this study, we evidence two distinct DM models in C57BL/6 male mice that allow the
reproduction of T1D and T2D. This is characterized by a remarkable loss of glucose-
induced first-phase insulin release (FPIR), observed in the early stages of diabetes
progression. The reduction of FPIR serves as a predictive marker for individuals at risk
of developing DM, indicating a decline in B cell function and a consequential risk of DM
onset. Histological assessments may provide insights into the slower progression to
T2D compared to the rapid progression observed in T1D (Gordon & Bonner-Weir,
2021).

Considering the aging process, according to Liu et. al., 2016, mature life history stages
in C57BL/6 male mice include mature adult (3-6 months old), middle age (10-15 months
old), and old (18-24 months old). In our study, after the 44-week of HFD feeding, mice
aged 48 weeks were at the early stages of old age, whereas T1D mice induced with
MLD-STZ at 24 weeks were in the mature adult’'s stage. Interestingly, our findings
suggest that aged mice can effectively mimic the signs of obesity and metabolic
disorder in T2D, providing a valuable tool for understanding age-related aspects of

diabetes.

Conclusion

In conclusion, our DM models offer an attractive avenue for research due to their
relative cost-effectiveness and simplicity in induction compared to genetic models.
Ensuring uniform conditions is crucial for consistent induction of diabetes. These
models are easy to make, stable, and exhibit prolonged hyperglycemia, making them
suitable for testing drugs or herbal medicines with hypoglycemic properties. However,
it is imperative to acknowledge the limitations of these models, and researchers are
encouraged to conduct studies using multiple animal models to obtain a comprehensive
understanding. Further studies are necessary to evaluate the kind of metabolic,
endocrine and morphologic alterations in pancreas, as well as the times in which these

are manifest in diabetic animals.
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Supplementary material

Table 1S. Age equivalences between human and mouse

Equalization of cut-off points simulate the ages at which DM occurs in humans.

Average lifespan for a C57BL/6 male mouse
820 = 20 days 2.24 years 117.1 weeks

Global average life expectancy in humans for 2019

72.6 years
Each year of human person is equivalent to 1.61 weeks of mouse.
Beginning of experiment 4-6 weeks old 2.5-3.7 years human life
T1D T2D
Cut-off Equivalence Cut-off Equivalence
points points
12 weeks 10 years 36 weeks 26 years
20 weeks 15 years 44 weeks 31 years
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Table 2S. Weight ranges to identify the physical nutritional status

Cut off points (g of BW) in C57BL/6 male mice as a function of age/sex and to determine the pathophysiological status of
obesity. Levey-Jennings procedure was used in CTL-NOM to determine weight ranges that are closely related to degrees
of obesity to identify a mouse as underweight, normal weight, overweight, or obese instead of comparing traditional weight
versus weight plotting. Each week the mean BW was the control and the ranges were calculated with standard deviation

up and down. The values represent the mean of the ranges calculated weekily.

Cut Off Points (g of BW)

Age Severely Underweight Normal Overweight Obesity Obesity Obesity
(weeks) underweight weight Class | Class Il Class I
(Less than (moderate) (severe) (morbid)
(Less than) (under) (Lessthanor orequalto) (Lessthanor (Lessthanor (Lessthan
equal to) equal to) equal to) or equal to)
4 18.17 21.65 28.64 35.63 42.61 49.59 56.57
8 20.73 23.56 29.25 34.94 40.62 46.30 51.99
12 21.42 24.47 30.61 36.74 42.87 49.00 55.13
16 21.92 25.00 31.20 37.38 43.56 49.75 55.93
20 21.64 24.98 31.68 38.37 45.06 51.75 58.44
24 21.90 25.43 32.52 39.60 46.67 53.75 60.83
28 21.96 25.58 32.87 40.14 47.42 54.69 61.96
32 21.56 25.92 34.67 43.41 52.15 60.89 69.63
36 21.75 26.04 34.94 44.16 53.39 62.61 71.84
40 21.73 26.22 35.22 44.21 53.20 62.19 71.18
44 21.10 25.70 36.05 48.28 60.50 72.73 84.95
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Table 3S. Body composition parameters (BCP) in DM murine models.

Body length (BL), body surface area (BSA) and body mass index (BIM) in C57BL/6 male mice on cut-off points of DM.
Values represent means + SEM of each group. Statistical analysis was performed using two-way ANOVA with Bonferroni
multiple comparisons test. The symbols *p<0,001 vs CTL-NOM and & p<0,001 vs DIO-T2D and STZ20-T1D respectively.

BCP DM models Feeding time (weeks)
4 8 12 16 20
BL (cm) CTL-NOM 6.68+0.13  6.85+0.16  6.98+0.16  7.15+0.15 7.26+0.13
STZ20-T1D 6.65+0.06  6.81+0.08 6.89+0.05  7.06+0.07 7.25+0.05
STZ40-T1D 6.69+0.16  6.84+0.21  7.02+0.17  7.22+0.13 7.31+0.10
STZ150-T1D 6.71+0.14  6.92+0.17  7.14+0.18  7.22+0.16 7.28+0.16
DIO-T2D 6.66+0.13  6.83+0.11  7.07+0.10  7.22+0.15 7.40+0.14
DIO-STZ50-T2D 6.72+0.04  6.87+0.05  7.30+0.15  7.12+0.08 7.44+0.16
BSA (cm?) CTL-NOM 60.16+1.88 62.38+1.95 64.04+2.03 66.04+2.06 66.94+1.92
STZ20-T1D 59.74+0.97 61.64+1.21 63.04+0.91 64.48+0.66 63.82+1.09*
STZ40-T1D 60.46+2.28 62.49+2.17 65.09+1.90 63.19+1.48* 62.93+1.06*
STZ150-T1D 60.04+1.76 62.83+1.80 64.83+2.30 65.96+2.42 67.57+2.26
DIO-T2D 63.15+2.59* 68.58+3.11* 74.30+3.24* 78.29+2.99* 83.89+3.08*
DIO-STZ50-T2D 64.29+3.18* 68.68+3.56* 75.89+1.20* 78.24+1.47* 84.93+3.80*
BMI (kg/m?) CTL-NOM 4.26+0.13  4.27+0.06  4.27+0.09  4.29+0.07 4.29+0.05
STZ20-T1D 4.28+0.04  4.29+0.04  4.33+0.04  4.22+0.08 4.09+0.06*
STZ40-T1D 4.31+0.05 4.34+0.05 4.38+0.09  4.02+0.20*®  3.91+0.10*°
STZ150-T1D 4.30+0.08  4.30+0.03  4.32+0.05  4.33+0.08 4.34+0.07
DIO-T2D 4.60+0.28* 4.94+0.37* 5.41+0.34* 5.57+0.80* 5.65%0.29*
DIO-STZ50-T2D  4.64+0.33* 4.89+0.40* 5.27+0.17* 5.27+0.10*  5.69+0.26*
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BCP DM models Feeding time (weeks)
24 28 32 36 40 44
BL (cm) CTL-NOM 7.29+0.13 7.47+0.19 7.54+0.17 7.61+0.16 7.64+0.15 7.67+0.16
STZ20-T1D
STZ40-T1D
STZ150-T1D 7.30+0.16 7.47+0.20 7.54+0.18 7.59+0.16 7.63£0.15 7.67+0.15
DIO-T2D 7.50+0.14 7.57+0.13 7.63+0.14 7.88£0.12* 8.10+0.14* 8.15+0.14*
DIO-STZ50-T2D  7.53+0.15 7.62+0.16 7.66+0.16 7.87+£0.07* 8.12+0.10* 8.20+0.08*
BSA (cm?) CTL-NOM 67.50+1.97 69.23+2.58 70.42+2.42 70.83+2.79 71.11+2.41 71.46+2.31
STZ20-T1D
STZ40-T1D
STZ150-T1D 67.08+2.28 69.12+2.87 70.26+2.59 70.75+2.30 68.48+1.76 65.99+1.51*
DIO-T2D 87.11+3.06* 91.80+3.26* 95.33+2.66* 97.92+2.85* 99.95+3.05* 100.95+3.0*
DIO-STZ50-T2D 87.99+3.67* 91.21+2.56* 95.52+1.94* 98.06+2.24* 95.44+1.05*@ 94.33+1.51*
BMI CTL-NOM 4.31+0.04  4.31+0.06  4.32+0.10  4.33+0.06 4.33+0.08 4.35+0.07
(kg/m?)  STZ20-T1D
STZ40-T1D
STZ150-T1D 4.27+0.08 4.27+0.05  4.31+0.06  4.29+0.05 4.08+0.12* 3.84+0.14*
DIO-T2D 5.66+£0.29* 5.73+0.26* 5.76+0.18* 5.91+0.21* 6.01+0.22* 6.05+0.21*
DIO-STZ50-T2D  5.68+0.25* 5.70+0.20* 5.75+0.11* 5.86+0.09* 5.74+0.15*@ 5.56+0.15*@
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Figure 1S. Parameters to estimate the degree of obesity in T2D murine model. (A)
Lee Index and (B) Body surface area (BSAx) in C57BL/6 male mice across the feeding
time to develop DM through HFD-DIO. Values represent means + SEM of each group.
Statistical analysis was performed using two-way ANOVA with Bonferroni multiple

comparisons test. The symbols ***p<0,001 vs CTL-NOM.
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Figure 2S. Food efficiency ratio in DM murine models.Values represent means + SEM
of each group. Statistical analysis was performed using two-way ANOVA with Bonferroni
multiple comparisons test. The symbols ***p<0,001 vs CTL-NOM. and @ p<0,001 vs DIO-
T2D.
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Table 4S. Parameters of energy density in DM murine models.

Metabolizable energy, loss energy as urine, fecal, methane and physiological fuel value in C57BL/6 male mice on feeding
time. Values represent means + SEM of each group. Statistical analysis was performed using two-way ANOVA with
Bonferroni multiple comparisons test. The symbols *p<0,001 vs CTL-NOM and 2 ° p<0,001 vs STZ20-T1D and DIO-T2D

respectively.
Parameters DM models Feeding time (weeks)
4 8 12 16 20

Metabolizable CTL-NOM 68.44+5.27 72.66+5.37 78.08+5.61 80.07+3.90 85.51+4.42
Energy STZ20-T1D 73.38+7.62 74.17+10.1 78.21+7.82 104.74+8.73* 111.10+10.9*
STZ40-T1D 73.57+£11.0 75.63+6.64 78.46+4.84 147.01+5.13*@ 177.87+9.69*P
kcal STZ150-T1D 72.25+5.17 72.92+28.5 75.04+5.86 78.26+4.63 86.02+5.80
DIO-T2D 205.80+7.78* 176.62+6.32* 163.82+7.38* 160.43+7.76* 154.35+6.07*
DIO-STZ50-T2D 210.91+9.95* 180.03+10.2* 165.49+12.9* 157.22+10.5* 151.98+14.8*
Loss Energy CTL-NOM 23.80+1.83 25.26+1.87 27.15+£1.95 27.84+1.36 29.73+1.54
(urine, fecal, STZ20-T1D 25.51+2.65 25.79+3.52 27.19+2.72 36.42+3.03* 38.63+3.80*
methane)  STZ40-T1D 25.5843.82  26.29+2.31  27.28+1.68 51.11+1.79* 61.84+3.37*
STZ150-T1D 25.12+1.80 25.35+9.91 26.09+2.04 27.21+1.61 29.91+2.02
kcal DIO-T2D 32.56+1.23* 27.94+1.00 25.92+1.17 25.38+1.23* 24.42+0.96*
DIO-STZ50-T2D 33.37+1.57* 28.48+1.62 26.18+2.04 24.87+1.66* 24.04+2.34*
Physiological CTL-NOM 76.15+5.86 80.84+5.98 86.87+6.25 89.08+4.34 95.14+4.91
Fuel Value  STZ20-T1D 81.65+8.47 82.52+11.3 87.01+8.70 116.53+9.71* 123.61+12.2*
STZ40-T1D 81.86+12.2 84.14+7.39 87.3045.39 163.56+5.71*@ 197.90+10.8*P
kcal STZ150-T1D 80.38+5.75 81.13+31.7 83.49+6.52 87.07+5.16 95.70+6.45
DIO-T2D 216.2548.17* 185.59+6.65* 172.14+7.75* 168.58+8.15* 162.19+6.38*

DIO-STZ50-T2D 221.62+10.5* 189.18+10.7* 173.89+13.6* 165.20+11.0* 159.69+15.6*
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Parameters DM Feeding time (weeks)
models 24 28 32 36 40 44
Metaboliza CTL-NOM 88.15+3.99  88.19+4.40  87.11+3.73  91.53+4.89  94.19+6.58 95.07+6.22
ble Energy sTz20-T1D
STZ40-T1D
keal STZ150-T1D 88.47+3.87  89.85t4.97  89.40+5.42  91.12+9.16 189.45:+22.4*  196.68+19.7*
DIO-T2D 147.368.97* 133.48+7.73* 134.77+7.67* 127.44+7.76* 121.90+14.4* 125.37+8.67*
DIO-STZ50-T2D 151 75+11.9% 142.71+13.6* 129.46+9.69* 128.20+23.1* 135.21+10.0*@ 162.75+10.0%@
Loss CTL-NOM 30.65+1.39  30.66+1.53  30.29+1.30  31.82+1.70  32.75+2.29 33.05+2.16
Energy STZ20-T1D
(urine, STZ40-T1D
m;’ﬁ:'r;e) STZ150-T1D 30.76+1.35  31.24+1.73  31.08+1.89  31.68+3.18  65.87+7.77*  68.38+6.83*
DIO-T2D 23.31+1.42*  21.12+1.22* 21.32+1.21* 20.16+1.23* 19.29+2.28*  19.83+1.37*
keal DIO-STZ50-T2D  24.01+1.88*  22.58+2.16* 20.48+1.53* 20.28+3.65* 21.39+1.59*  25.75+1.58*
Physiologi CTL-NOM 08.07+4.44  98.12+4.90  96.92+4.15 101.83+5.44 104.80+7.32  105.77+6.92
cal Fuel STZ20-T1D
Value STZ40-T1D
STZ150-T1D 98.43+4.31  99.96+5.53  99.47+6.03 101.38+10.2 210.78+24.9* 218.83+21.9*
keal DIO-T2D

154.85+9.42*

140.26+8.12*

141.62+8.06*

133.91+8.15*

128.09+15.1*

131.73+9.11*

DIO-STZ50-T2D

159.45+12.5*

149.96+14.3*

136.03+10.2*

134.71+24.2*

142.08+10.5*a

171.02+10.5*
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Table 5S. Parameters of energy metabolism in DM murine models.

Metabolic Weight, basal metabolic rate and total daily expenditure of energy in C57BL/6 male mice on feeding time.
Values represent means + SEM of each group. Statistical analysis was performed using two-way ANOVA with Bonferroni
multiple comparisons test. The symbols *p<0,001 vs CTL-NOM.

Parameters DM models Feeding time (weeks)
4 8 12 16 20
Metabolic CTL-NOM 0.064+0.002 0.066+0.002 0.068+0.002 0.070+0.002 0.071+0.002
Weight (MW) STZ20-T1D 0.064+0.001 0.067+0.001 0.068+0.002 0.067+0.002 0.065+0.001*
kg0 7® STZ40-T1D 0.061+0.003 0.065+0.003 0.067+0.002 0.064+0.003* 0.062+0.002*
STZ150-T1D 0.064+0.002 0.067+0.002 0.068+0.002 0.069+0.002 0.069+0.002
DIO-T2D 0.070+0.005 0.079+0.007* 0.087+0.006* 0.094+0.007* 0.102+0.006*
DIO-STZ50-T2D 0.071+0.007 0.081+0.007* 0.090+0.003* 0.091+0.001* 0.100+0.005*
Basal metabolic CTL-NOM 19.32+0.63 19.93+0.53 20.39+0.60 20.87+0.68 21.26+0.67
rate (BMR) kdJ/  STZ20-T1D 19.14+0.34 20.08+0.27 20.35+0.58 19.96+0.49 19.65+0.35
day STZ40-T1D 18.37+0.88 19.55+0.91 19.96+0.72 19.08+0.81 18.64+0.51*
STZ150-T1D 19.27+0.65 19.97+0.57 20.28+0.61 20.72+0.68 20.81+0.71
DIO-T2D 21.14+1.52 23.73+2.06* 26.10+1.91* 28.12+2.00* 30.50+1.90*
DIO-STZ50-T2D 21.2842.24 24.17+2.07* 26.89+0.83* 27.31+0.40* 29.92+1.48*
Total daily CTL-NOM 25.76+0.84 26.57+0.71 27.18+0.79 27.83+0.91 28.35+0.90
expenditure of STZ20-T1D 25.52+0.46 26.78+0.36 27.13+0.77 26.61+0.65 26.20+0.46*
energy (TDEE) STZ40-T1D 24.50+1.17 26.06+1.22 26.62+0.97 25.44+1.08* 24.86+0.68*
kJ/ day STZ150-T1D 25.69+0.87 26.62+0.76 27.05+0.81 27.63+0.91 27.74+0.95
DIO-T2D 28.1942.03* 31.64+2.75* 34.81+2.55* 37.50+2.66* 40.67+2.53*
DIO-STZ50-T2D 28.38+2.98* 32.22+2.77* 35.85+1.11* 36.41+0.54* 39.90+1.98*
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Parameters DM models Feeding time (weeks)
24 28 32 36 40 44

Metabolic ~ CTL-NOM 0.070+0.002 0.072+0.002 0.072+0.002 0.073+0.003 0.072+0.003 0.073+0.002
Weight (MW)  STZ20-T1D
g0 STZ40-T1D

g STZ150-T1D 0.070+0.002 0.071+0.002 0.072+0.002 0.072+0.002 0.068+0.002 0.064+0.002*

DIO-T2D 0.105+0.006* 0.110+0.006* 0.113+0.005* 0.116+0.005* 0.117+0.006* 0.118+0.005*

DIO-STZ50-T2D 0.105+0.006* 0.107+0.006* 0.111+0.005* 0.117+0.003* 0.113+0.003* 0.110+0.003*

Basal CTL-NOM 20.87+0.69  21.46+0.74  21.67+0.75  21.81+0.79  21.70+1.03  21.92+0.71
metabolic STZ20-T1D
rate (BMR)  sTZ740-T1D

<3/ day STZ150-T1D 21.00£0.69  21.20+0.75  21.46+0.68  21.73+0.75  20.49+0.75  19.06+0.74*

DIO-T2D 31.39+1.88* 33.09+1.88* 34.04+1.36* 34.65+1.48* 35.05+1.65* 35.38+1.56*

DIO-STZ50-T2D 31.38+1.82* 32.16+1.72* 33.41+1.53* 35.03+0.86* 33.98+0.90* 32.89+1.02*

Total daily ~ CTL-NOM 27.83+0.91  28.61+0.99  28.89+1.00 29.07+1.05  28.93+1.38  29.22+0.95
expenditure  STZ20-T1D
of energy  S7740-T1D

(TDEE) STZ150-T1D 27.99+0.92 28.27+1.00 28.61+0.90 28.97+1.00 27.33+1.00  25.41+0.99*

kJ/ day DIO-T2D 41.86+2.50* 44.12+2.50* 45.39+1.81* 46.20+1.98*  46.74+2.20* 47.17+2.09*

DIO-STZ50-T2D 41.84+2.43*  42.89+2.30* 44.55+2.05* 46.71+1.14* 45.31+1.20* 43.85+1.37*
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Table 6S. Physiological range of blood glucose in C57BL/6 male mice

Owing to the fact that normal BG in mice is diagnostic for T2D in humans. Therefore,
BG was measured in all C57BL/6 male mice before dietary intervention (HFD) to
determine the physiological reference range of plasma glucose. Ranges of diabetic
glycemic status were calculated with three standard deviations up and down (Mean
+30). For example, in the week 36 mean FBG was 119.57+6.79 mg/dL; the ranks are
obtained like: Normoglycemic (FBG) 119.57 mg/dL, upper and lower limits FBGt30
(99.21-139.92 mg/dL); prediabetes (FBG+60= 160.28 mg/dL), limits £30 (139.93-
180.64 mg/dL) and DM (160.28 mg/dL+60=201.00 mg/dL), limits +3c (180.65-221.35

mg/dL).

Fasting blood glucose (mg/dL)

Time Mean + o diabetic glycemic status
(weeks) normoglycemic prediabetes DM Min Max CV

Start 100.4+10.7 79.0-132.4 <196.3 up to 260.3 77 118 10.62
4 103.8+11.1 70.7-136.9 <203.2 up to 269.5 82 120 10.64
8 101.5+10.6 69.7-133.4 <1971 up to 260.9 77 120 10.46
12 102.3+8.70 76.3-128.3 <180.2 upto 232.2 84 119 8.46
16 103.948.10 79.5-128.3 <177.0 upto 225.8 89 119 7.82
20 107.6x7.70 84.4-130.8 <177.2 upto223.6 92 122 7.19
24 111.4+7.60 88.7-134.2 <179.7 upto225.2 99 123 6.80
28 111.5+7.70 88.4-134.5 <180.6 upto226.7 99 128 6.89
32 115.2+7.70 92.3-138.2 <184 .1 up to 230.0 97 126 6.64
36 119.6+6.80 99.2-139.9 <180.6 upto221.4 100 129 5.68
40 125.5+6.40 106.2-144.8 <183.3 upto221.8 111 140 5.12
44 125.4+8.00 101.5-149.3 <197.2 upto245.1 106 142 6.36

Cut-off level general for normoglycemic: €150 mg/dL

Cut-off level general for prediabetes: <200 mg/dL

Cut-off level general for DM: >200 mg/dL
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Table 7S. Physiological range of post prandial blood glucose in C57BL/6 male
mice

PPBG at 2 hours in C57BL/6 healthy male mice across intervention time. Ranges of
diabetic glycemic status were calculated with three standard deviations up and down
(Mean +3 o). For example, in the week 36 mean PPBG was 163.5£2.90 mg/dL; the
ranks are obtained like: Normoglycemic upper and lower limits FBG+30 (154.6-
172.3mg/dL); prediabetes (FBG+60=181.13 mg/dL), limits +30 (172.40-189.97 mg/dL)

and DM (181.13 mg/dL+60=198.80 mg/dL), limits +30 (189.98-207.64 mg/dL).

Post prandial blood glucose (mg/dL)

Time Mean = o Diabetic glycemic status
(weeks) Normoglycemic Prediabetes DM Min Max CV
Start 147.6+£10.3 126.7-178.7 <240.7 up to 302.7 120 162 7.00
4 151.2+11.2 117.7-184.6 <251.6 up to 318.5 124 170 7.38
8 149.1+8.20 124.4-173.8 <223.3 up to 272.7 132 173 5.52
12 150.7+£10.5 119.2-182.2 <245.1 up to 308.1 128 170 6.97
16 152.6+7.90 128.9-176.4 <223.8 up to 271.3 131 163 5.19
20 154.3+9.80 124.9-183.6 <242.3 up to 301.0 131 173 6.34
24 156.8+5.90 139.3-174.4 <209.5 up to 244.6 142 168 3.73
28 158.4+5.10 143.0-173.7 <204.4 up to 235.1 150 168 3.23
32 160.9+3.80 149.6-172.2 <194.9 upto 217.5 152 169 2.34
36 163.5+2.90 154.6-172.3 <190.0 up to 207.6 159 169 1.80
40 163.5+4.10 151.3-175.7 <200.1 up to 224.5 156 172 2.49
44 167.6+£4.00 155.8-179.5 <203.3 up to 227.1 161 178 2.36

Cut-off level general for normoglycemic: <185 mg/dL

Cut-off level general for prediabetes: <235 mg/dL
Cut-off level general for DM: >285 mg/dL
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Figure 3S. Monitoring across time fasting blood glucose in T1D murine models.

FBG (mg/dL) in C57BL/6 male mice across the feeding time. Values represent means + SEM of each group. Statistical
analysis was performed using two-way ANOVA with Bonferroni multiple comparisons test. The symbols ***p<0,001 vs
CTL-NOM. and 2p<0,001 vs STZ20-T1D.
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Figure 4S. Monitoring across time fasting blood glucose in T2D murine models.

FBG (mg/dL) in C57BL/6 male mice across the feeding time. Values represent means + SEM of each group. Statistical
analysis was performed using two-way ANOVA with Bonferroni multiple comparisons test. The symbols ***p<0,001 vs
CTL-NOM. and 2p<0,001 vs DIO-T2D.



6.2 Pharmacological evaluation of Calea urticifolia aqueous extract in diabetes
mellitus: mechanistic interaction with oral hypoglycemic agents in murine
models

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by persistent
hyperglycemia resulting from insufficiency in insulin action or insulin secretion, or both
(Dandekar et al. 2021). According to the American Diabetes Association (ADA),
diabetes can be classified into the following general categories: 1. Type 1 diabetes
(T1D), caused by autoimmune B-cell destruction, leading to absolute insulin deficiency.
2. Type 2 diabetes (T2D), resulting from a progressive loss of adequate B-cell insulin
secretion, frequently on the background of insulin resistance and metabolic syndrome.
3. Specific types of diabetes due to other causes. 4. Gestational diabetes (ElSayed et.
al., 2023).

Insulin resistance (IR) is defined as an impairment in insulin action that leads to reduced
glucose uptake by muscles and increased hepatic glucose production (Gastaldelli,
2022). The International community, particularly Word Health Organization (WHO), has
identified DM as threat to public health and healthcare systems worldwide. In 2021, the
global prevalence of diabetes among individuals aged 20-79 years was estimated at
10.5% (536.6 million people), and this figure is projected to rise to 12.2% (783.2 million)
by 2045 (Sun et. al., 2022).

Since diabetes is a chronic multifactorial disease, current therapeutic approaches
primarily focus on managing metabolic parameters (glycemic and lipid levels), to control
or delay the onset of associated complications. A wide range of pharmacological
options is available for managing DM. For instance, glycemic control in patients with
T2D can be achieved using oral antidiabetics drugs (OADs), whereas exogenous

insulin is required for T1D. However, despite this significant therapeutic arsenal, many
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of these drugs have side effects that frequently compromise patient adherence to
therapy (Andrade et. al., 2020).

WHO recommends the use of medicinal plants in food items for the treatment of DM
(Yedjou et. al., 2023). In recent years, there has been an increasing interest in the use
of medicinal plants products for treating DM patients. Combinations conventional
medications with medicinal plants may enhance the efficacy and safety of treatments
through synergistic effects (Widjajakusuma et al., 2019).

Obesity, hypertension, and T2D have reached epidemic proportions worldwide. These
conditions are common comorbidities associated with lifestyles characterized by
physical inactivity, low energy expenditure, high caloric intake, and the excessive

consumption of processed food.

These effects which are driven by rapid urbanization, industrialization, and
globalization. Although research on this comorbidity and the use medicinal plants for
their treatment has gained prominence in recent decades, the complex biological
mechanisms regulating metabolism remain poorly understood. There is still an urgent
need for new treatment modalities to prevent and manage these diseases effectively
(Petrie et. al., 2018).

Herbal medicines and their phytochemicals exhibit significant pharmacological and
biological activities. They are used for preventing, treating, or improving various
metabolic illnesses like DM. Today, they continue to serve as an affordable alternative
medication in many poorer and more remote regions (Elkomy et al., 2023).

Traditional medicine (TM), refers to the knowledge, skills, and practices rooted in
indigenous cultures that are used for health maintenance, as well as for the prevention,
diagnosis, improvement, or treatment of illness (Choopani et. al., 2015). When these

practices are based on past experiences and observations passed down orally or in
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writing from generation to generation and are native to a specific country, they are
referred to indigenous traditional medicine (ITM) (WHO, 2019).

When such practices are adopted outside their country or origin, they are often termed
complementary and alternative medicine (CAM) (Che et al., 2017). TM encompasses
a wide range of practices, including acupuncture, chiropractic, massage therapy, and
herbal medicine, among others. Similarly, ITM includes practices such as bush
medicine, traditional healers, singing/chanting, and the use of external remedies
(Adams et al., 2015).

In México, from an ethnopharmacological perspective, it is important to recognize that
DM lies at intersection of modern science-based medicine and TM. In rural areas of the
country, DM patients often use a combination of locally available plant species with
hypoglycemic properties, either alongside or in place of prescribed conventional
medications (Andrade et. al., 2006).

Typically, patients are diagnosed in primary health centers, where doctors prescribe
appropriate medications. However, after diagnosis, many patients turn to local healers
or vendors of herbal and other healthcare products. This preference for spiritual rituals
and plant-based treatments over conventional medical care is influenced by culture,
ethnic, and religious factors, as well as the lack of adequate institutional health
services, which significantly shapes their health-seeking behavior (Espinoza et. al.,
2022).

In México, at least 306 species from 235 genera and 93 families are used to treat
diabetes (Andrade & Heinrich, 2005). However, at least 800 plants are currently used
for treating DM (Escanddn et. al., 2020). Thus, Mexican traditional medicine (MTM)
generally relies on botanically based herbal remedies administered by individuals

recognized as qualified within their native community.
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Xi'oi/Xi'uy (pame) ancient native community, located in municipalities Tamasopo-
Rayon of San Luis Potosi, plays a variety of roles, including providing strong spiritual
and social support often signifying a reconnection to land, ancestral and spiritual and
social support. This often signifies a reconnection to the land, ancestral roots, and
spiritual practices, which enhance overall well-being. In the Xi'uy region of La Palma,

thirteen plants are used for the treatment of DM.

One of these is Calea urticifolia (Mill.) DC. known as “negrito”. Traditionally, a decoction
of its leaves (0.13 g of dry leaves per 250mL of water, twice daily) is used as a
therapeutic remedy for diabetes, gastric ulcers, and inflammatory processes. This
corresponds to an approximate dose of 0.5514 mg of dry aqueous extract per kg body
weight per day (Torres et al., 2016).

Calea urticifolia (Mill.) DC. is widely distributed from México to Panama in semi-warm
and warm climates, typically found in tropical and oak forest. It is a shrub 1-3 meters
high with yellow flowers and belong to the Asteraceae family (syn. Compositae). It is
known by various vernacular names, including hierba del negro, jaral de castilla,
chilchaca and juanislama. Synonyms for this plant include Calea urticifolia var. axillaris

(DC.) S.F. Blake and Calea urticifolia var. urticifolia (Gogineni et. al., 2019).

It is important to note that drugs or herbal extracts that produce similar effects often do
so at different doses, which can be either desirable or undesirable. The main focus of
this research is the study of interaction between two chemicals. The dose-response
relationship of each agent provides this critical information and allows researchers to
focus on a specific magnitude of the effect. Specifically, the interest lies in oral
antidiabetic drugs (OAD’s) that act together to produce a similar effect, namely, a

hypoglycemic effect.

Previously, our research group documented the dose-dependent regulation of freeze-

dried aqueous extract of Calea urticifolia (CUAgE, up to 11 mg/kg) on glucose energy
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metabolism in a T2D mouse model induced by a high-fat diet-induced obesity (DIO-
HFD). Additionally, the hypoglycemic effect of CUAQE (41mg/kg) has been reported in
a T2D rat model (induced by 65 mg/kg streptozotocin and 150 mg/kg nicotinamide)
(Andrade et. al., 2021 & Espinoza et. al., 2022).

Despite these findings, scientific knowledge of CUAQE remains limited. Therefore, the
objective of this investigation was to evaluate glycemic metabolic regulation of CUAQE
(11 mg/kg) in a T1D murine model developed using multiple low doses of streptozotocin
(MLD-STZ) and a T2D murine model by DIO-HFD in C57BL/6 male mice. Additionally,
this aims to provide evidence the pharmacotherapeutic interaction of CuAqE with

hypoglycemic drugs such as insulin, metformin, glibenclamide and sitagliptin.

2. Materials and Methods
2.1 Materials

The Rat/Mouse Insulin ELISA Kit was purchased from Millipore Corporation, USA.
Pentobarbital sodium (Pisabental ®) from Pisa Agropecuaria (PiISA® Farmaceutica,
Mexico). Streptozotocin (STZ) and anhydrous glucose were purchased from Sigma

Aldrich, St. Louis, MO and Accu-Chek Aviva test strips were acquired from Roche, UK.

2.2 Herbal material harvest and preparation of freeze-dried aqueous extract of
Calea urticifolia (CUAQE)

Fresh leaves of adult plants of Calea urticifolia were harvested in July 2022 from the
Xi'uy ancient native community of Potrero del Carnero (21°52’27.6” N y 099°27°00.6",
to 901 msnm, San Luis Potosi, Mexico). The plant material was authenticated by an
herbalist of Isidro Palacios Herbarium (11ZD-UASLP, San Luis Potosi, México). The
harvested material was separated, placed on absorbent paper for drying, and stored at

room temperature until further use.

Dry leaves were ground using an electric mill (Osterizer Pulse Matic Blenders). A total

of 100g of powdered leaves was mixture with 1L of distilled water and boiled for 5 min.
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After cooling, the aqueous extract was filtered and freeze-dried (Freeze-dryer
TFD5505, lIshin®, Hialeah, FL, USA). The yield of the lyophilized extract was 19.88%,

and the residue was stored at 4°C until use.

2.3 Animal procurement, housing and bioethical considerations.

C57BL/6 male mice, aged 4-6 weeks, were purchased from the Laboratory animal
production and experimentation unit (UPEAL, CINVESTAV-IPN. México City, México).
Upon arrival, the mice were housed in a controlled environment (21+2- C, 50£10%
humidity) with a 12 h light/dark cycles (7:00 am to 7:00 pm) and provided with standard

rodent chow (Chow 5001) and water ad libitum.

Mice were acclimatized for 5 days before being randomly assigned to diet groups and
housed in individual acrylic cages. Animal study protocol was reviewed and approved
by local animal ethical review committee (CE102018015R2. FCQ-UASLP, San Luis
Potosi, México). All procedures were conducted in accordance with the Mexican norm
for animal care and handing (NOM-062-Z00-1999).

2.5 Induction of DM mouse models and experimental design

2.5.1 Induction of DM mouse models

DM was induced in C57BL/6 male mice. For T1D model, chemically induced was
achieved using MLD-STZ (40 mg/kg, IP) for 5 consecutive days at 12 weeks and for
T2D model, was achieved using a DIO-HFD for 36 weeks, as previously described
(Deeds et. al., 2011 & Stancic et. al., 2022).

2.5.2 Experimental design T1D mouse model for the evaluation of CUAQE
Mice were randomly assigned to 8 groups (n=5).
e Group 1 (CTL-NOM): Normoglycemic control (non-diabetic), receiving
physiological solution (vehicle).
e Group 2 (CTL-T1D): Positive DM control (T1D-induced), receiving a
physiological solution (vehicle).
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Groups 3-4: Administrated Calea urticifolia aqueous extract (CUAQE 11 mg/kg/day).
e Group 3 (NOM- CuAqE): Normoglycemic control + CuAqE
e Group 4 (T1D- CuAqE): Experimental T1D + CuAgE

Groups 5-6: Experimental T1D mice receiving subcutaneous (SC) daily administration
of insulin glargine, a long-acting insulin analog with a stable action profile.

e Group 5 (T1D-InsN): Lantus® (12.5 IU/kg/day).

e Group 6 (T1D-InsR): Lantus® (25 IU/kg/day).

Groups 7-8: Experimental T1D mice receiving CuAgE (11mg/kg/day) + insulin
glargine.

e Group 7 (T1D- CuAqE-InsN): CuAgE + Lantus® (12.5 IU/kg/day).

e Group 8 (T1D- CuAqgE-InsR): CuAgE + Lantus® (25 IU/kg/day).

The doses of insulin glargine were selected based on previous reports (Stammberger
et. al.,, 2002 & Amein et. al.,2015). Treatment with Lantus® began 5 days after STZ

injection and continued for 8 weeks.

2.5.3 Experimental design T2D mouse model for the evaluation of CUAQE
Mice were randomly assigned into 10 groups (n=5 per group).
e Group 1 (CTL-NOM): Normoglycemic control (non-diabetic), receiving a
physiological solution (vehicle).
e Group 2 (CTL-T2D): Positive DM control (T2D-induced), receiving a
physiological solution (vehicle).

Groups 3-4: Administered CUAQE (11 mg/kg/day).
e Group 3 (NOM- CuAqE): Normoglycemic control + CUAqE
e Group 4 (T2D- CuAqE): Experimental T2D + CuAgE

Groups 5-7: Experimental T2D mice receiving OAD’s. Doses were calculated based
on human-equivalent do using pharmaceutical formulations (adjusted for a 70 kg body
weight).

e Group 5 (T2D-Met): Dabex® Metformin (7.14 mg/kg/day).
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e Group 6 (T2D-GLI): Glucoven® Glibenclamide (0.07 mg/kg/day).
e Group 7 (T2D-SIT): Januvia® (Sitagliptin 1.43 mg/kg/day).

Groups 8-10: Experimental T2D receiving CuAqE (11mg/kg/day) combined with
OAD’s
e Group 8 (T2D-CuAqE-Met): CuAgtE + Dabex® Metformin (7.14
mg/kg/day).
e Group 9 (T2D-CuAqE-GLI): CuAgE + Glucoven® Glibenclamide (0.07
mg/kg/day).
e Group 10 (T2D-CuAqE-SIT): CuAqE + Januvia® (Sitagliptin 1.43
mg/kg/day).

CuAgE and OAD’s solutions were orally-administrated daily via intragastric probe (0.1
mL/10 g body weight) at the same time and order for 8 weeks. Solutions were freshly
prepared in physiological solution.

2.6 Mice profiles

2.6.1 Growth patterns (GW) and body composition (BC)

Individual body weight (BW) was measured weekly throughout the 44-weeks duration
of the experiment with a precision 0.1g using an electronic balance. Body length (BL),
body surface area (BSA), body mass index (BMI), growth rate (GR) and Lee index were

calculated according to formulas previously established by the work team.

2.6.2 Energy metabolism (EM)

Water and food intake was also recorded weekly. Energy density was calculated as
gross energy (GE), metabolizable energy (ME), loss energy (urine, feces, methane),
physiological fuel value, basal metabolic rate (BMR), food efficiency ratio (FER), total
daily expenditure of energy (DEE) and energy balance (EB) for groups of mice fed both

models.
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2.6.3 Clinical biochemistry

Blood samples were collected weekly from 12 or 36-week-old male mice fasted
overnight (12-18 h) via tail vein puncture. Blood glucose (BG) were measured using a
hand-held blood glucose monitor (Accu-Check Aviva, Roche, UK). Fasting Blood
Glucose (FBG) and Postprandial Blood Glucose (PPBG) were assessed monthly.
Serum Insulin (FSI) was quantified using a RAT/Mouse Insulin ELISA Kit (Millipore)
following the manufacturer's protocol. Absorbance was measured at 450nm using a
Multiskan photometer (Thermo Fisher Scientific®, USA).

2.6.4 Blood glucose and insulin kinetics

After 8 weeks of treatment, an oral glucose tolerance test (OGTT, 50 mg glucose) was
performed on fasted mice for 6 hours. Blood samples were collected from the tail at
0,15,30,60,90 and 120 minutes post-glucose administration, and BG were measured
as described by Kowalski et al. (2017). Area under the curve (AUC) for the glucose
tolerance test was calculated using the trapezoidal rule, and a trendline was plotted to

visualize the curve.

Additionally, an intraperitoneal insulin tolerance test (IITT: 0.75 IU/kg,) was performed,
with blood samples collected at 0, 30, 60, and 120 minutes to measure plasma glucose
levels, expressed as a percentage of initial value. An intraperitoneal glucose tolerance
test (IPGTT; 50mg glucose) and an intravenous glucose tolerance test (IVGTT; 50mg)
were also conducted. For the IPGTT and IVGTT, blood samples were collected at 0,
30, 60, and 120 minutes, and 0,2,5,10,20,30, and 45 minutes, respectively.

To minimize stress-related a fact in metabolic outcomes, all mice were acclimatized to
handling procedures. For this purpose, two weeks prior to the glucose/insulin tolerance

test (GITTs), mice were gently handled by the same experimenter every 2-3 days.
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2.6.5 Insulin resistance and

To calculate Homeostatic Model Assessment insulin resistance (HOMA-IR),
Homeostatic Model Assessment beta-cell function (HOMA-B or %), Homeostatic
Model Assessment insulin sensitivity (%S), insulin disposition index (DI), and
guantitative insulin sensitivity check index (QUICKI) following formulas were applied
based on single-pool first-order glucose kinetics adapted for mice (van Dijk et al., 2013).
Additionally, the area under the curve from the oral glucose tolerance test (AUG-OGTT)

was used to evaluate insulin resistance (IR).

2.7. Experimental Drug Dose-Effect Analysis
2.7.1 Hypoglycemic effect and dose-response curve
The hypoglycemic effect (E) was calculated using the equation:

GlucT2D — Glucdrug

= E
GlucT2D — Glucnorm max

Where:

E = Hypoglycemic effect,

GlucT2p = BG in untreated diabetic mice,
Glucdrug = BG in drug-treated mice,
Glucnorm = BG in normoglycemic mice,

Emax = Maximum drug effect (typically 100%).

At the cut-off point for T2D generation, a hyperbolic dose-response curve was
constructed using logarithmic transformations of model pharmacological data log dose
[X] and glycemia [y]. Dose ranges were as follows:

e Metformin: 200-2800mg (2.86-40 mg/kg),

e Glibenclamide: 0.5-20mg (0.007-0.286 mg/kg),

e Sitagliptin: 10-200mg (0.14-2.86 mg/kg),

e CuAgE: 10-3500mg (0.14-50 mg/kg).
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Five animals were tested per dose. A subset of mid-range data points (20 and 80% of
the maximum effect) exhibited a linear trend when plotted as effect vs log(dose). These
data were analyzed via linear regression (E=a+b [log C]) to determine D50, standard
error o(Dso) = 2.30xDsoxo(logpso), and variance (02). Doses are expressed as mg/kg of

body mass.

2.8 Drug synergism: Combination Drug Analysis
2.8.1 Additivity and Relative Potency
Additivity assumes that drug combinations act proportionally to their relative potency
(R), defined as R=A/B, where A and B are the doses of drug 1 and drug 2 required to
achieve a specified effect (Eso). R >1 indicates higher potency of drug B.
Combination Index (CI)
Synergistic between CuAgE and OAD’s was evaluated using the combination index:
Cl = ﬁ + C—b

A B
Were:
e Caand Cb = Doses of compounds A and B in combination,

e A and B = Doses required individually for the same effect.

Interpretation:

Cl < 1: Synergism,
CI = 1: Additivity,
CI > 1: Antagonism (Zhao et al, 2005, 2010)

2.8.2 Isobolographic Analysis

According to the method described by Tallarida, the presence of synergy between two
compounds can also be demonstrated through isobolographic analysis. The X- and Y-
axis of the isobologram represent the concentrations of compounds A and B required
individually or in combination to achieve the same effect. The straight line connecting

these points is termed “line of additive”, defined by the individual drugs EDso values.
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The value f=0.5 was used to calculate the additive total, where the amounts in an
additive combination are a=f A of drug A and p=(1-f) B of drug B. Total amount in the
mixture, denoted, Zadd, represents the expected additive dose to achieve a 50% effect.
Although the fraction f is assumed constant, uncertainty in Zadd due to variability in A
and B. This uncertainty is quantity by the variance and standard error:
02(Zadd)= f2 *0?(A) + (1 — f)? * 0%(B)

and o log (Zadd)= 0 Zadd/2.3*Zadd (Tallarida, 2012; Tallarida, 2010; Tallarida 2006 and
Tallarida 2000).

For mixture, Zadd Was reduced to half to determined other doses. Each total dose
preserved the ratio of drug A to drug B, such that pa=fA/Zadd and ps= (1 — f)B/Zadd. Using
dose.effect data and linear regression, Dso, (denotes Zmix) and its variance o2 (Zmix)
were calculated. A significant difference between Zadd and Zmix indicates nonadditivity:

synergism if Zmix < Zadd or sub-additivity if Zmix > Zadd.

2.9 Statistical analysis

Results are expressed as mean + standard deviation (SEM). Data were analyzed using
one way ANOVA followed by Bonferroni post hoc test, with p<0.05 considered
statistical significance. All analyses were performed in at least three independent
experiments and each analyzed in triplicate. To distinguish synergistic interactions from
additive effects between experimental doses that cause 50% of hypoglycemic effect
(Zmix) and theoretical additive doses (Zadd), Student t-test was applied, following
isobolographic analysis protocols. Statistical analysis was conducted using the PROC
GLM procedures of SAS version 9.3 (SAS Inst. Inc., Cary, NC).

3. Results
3.1 Hypoglycemic effect of CUAQE in DM murine models
Accordingly, to establish the antidiabetic potential of CUAQE, several in vivo tests were

performed. The first experiment was a hypoglycemic test, compared to type DM. For

35



evaluated hypoglycemic activity of CuUAgE, FBG and PPBG were measured during

administration time (8 weeks).

In mice under normoglycemic conditions (CTL-NOM), CuAgE does not modify serum
glucose concentrations at 20 weeks for T1D model and 44 weeks for T2D model (Fig.
1-2). Notwithstanding in T1D male mice treated with a therapeutic regimen of CUAgE
(11mg/kg), this extract reduces hyperglycemia from the first week of treatment ¢10%).
A constant difference in BG (30-40 units) between T1D-CTL and T1D-CuAgE mice is
maintained until the end of the experiment (Fig. 1, p<0,001).

For TD2, a hypoglycemic effect is also observed from week 2 of treatment (16%). As
time progresses, the difference in BG between T2D-CTL and T2D-CuAqE mice
increases until reaching a decrease of 79% at the end of the administration of CUAQE
(Fig. 2, p<0,001). In determination of BG after caloric intake, hypoglycemic action of

CuAQE is similarly observed in both DM mice models (Fig. 1-2S).

During long-term treatment whit insulin glargine, BG of T1D-InsN mice (12.5 IU/kg/day)
remained at 226 to 143mg/dL. Effectiveness of insulin in maintaining optimal levels of
BG in T1D-InsN mice it is observed when drop to near normal level until 7 weeks post
treatment (p<0,001). Moreover, BG of T1D-InsR (25 IU/kg/day) mice starting dropped
to normal level within 1 week post treatment (140 to115 mmol/L BG) and were

maintained in normoglycemic conditions throughout the experiment (p<0,001).

25 IU/kg and 12.5 IU/kg doses of insulin glargine had efficacy for provide for BG.
Although, they had long-acting effects compared with CTL-T1D, therefore the long-
acting effect of insulin glargine was not as potent with 12.5 1U/kg. When CuAgE is
administered concomitantly with insulin no showed a synergistic or antagonist effects

but rather additive effect not considerable (Fig. 3).
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Figure 1. Phytopharmacological evaluation of hypoglycaemic activity in T1D murine model with
pharmacotherapeutic monitoring of CuAqE as treatment against T1D. FBG (mg/dL) in C57BL/6 male mice
***p<0,001 vs CTL-NOM and ** p<0,001 vs CTL-T1D. Values represent means + SEM of each group. Statistical analysis
was performed using two-way ANOVA with Bonferroni multiple comparisons test.
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Figure 2. Phytopharmacological evaluation of hypoglycaemic activity in T2D murine model with
pharmacotherapeutic monitoring of CuAqE as treatment against T2D. FBG (mg/dL) in C57BL/6 male mice
***p<0,001 vs CTL-NOM and **p<0,001 vs CTL-T2D. Values represent means + SEM of each group. Statistical analysis

was performed using two-way ANOVA with Bonferroni multiple comparisons test.
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Figure 3. Phyto-pharmacovigilance of hypoglycaemic activity in T1D murine model with pharmacotherapeutic

monitoring of CUAQE and insulin for determining extract-drug interactions. FBG (mg/dL) in C57BL/6 male mice.
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was performed using two-way ANOVA with Bonferroni multiple comparisons test.

39



Some beneficial drugs associated as pharmaceutical employment of OAD’s to treat
T2D have been tested in our model. OAD’s treatment in T2D mice it has a positive

effect sustained over time until having a controlled normoglycemic state (p<0,001).

Metformin it has a hypoglycemic effect from the first week after treatment due to a
13.5% decrease in serum BG concentration in T2D-Met mice. Additionally, metformin
shows trend to normoglycemic state at week 6 post-treatment (124-114 mg/dL) and it
IS important to notice that when CuAgE is administered with metformin in T2D-Met-
CuAgE mice there is a considerable synergistic effect in regulation of BG from week 4

post-treatment (Fig. 4, p<0,05).

Glibenclamide it also has a hypoglycemic effect from the first week with a reduction in
BG of up to 11% in T2D-Gli mice (p<0,001). Furthermore, it achieves a normoglycemic
state up to the sixth week after treatment (137-117mg/dL). Concomitant administration
of CuAgE and glibenclamide in T2D-CuAqE-Gli mice does not show any type of
pharmacological interaction (Fig. 5).

When we administer sitagliptin to T2D-Sit mice, its hypoglycemic efficacy is also seen
from the first week post-treatment with 12.6% of reduction of BG (p<0,001) and can
lead to a normoglycemic state from week 5 until the end of the experiment (142-111
mg/dL). There is no pharmacological interaction that affects the hypoglycemic activity
when CUAQE and sitagliptin are administered together in T2D-CuAqgE-Sit mice (Fig. 6).

In determination of BG after caloric intake, hypoglycemic action of CUAQE with OAD’s
is the same in both DM mice models (Fig. 3S). Finally, CUAQE decreased BG but its
hypoglycemic activity is less effective and efficient to that produced by metformin,

glibenclamide and sitagliptin.
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Figure 4. Phyto-pharmacovigilance of hypoglycaemic activity in T2D murine model with pharmacotherapeutic
monitoring of CUAQE and metformin for determining extract-drug interactions. FBG (mg/dL) in C57BL/6 male mice.
***p<0,001 vs CTL-T2D and ** p<0,05 vs T2D-Met. Values represent means = SEM of each group. Statistical analysis

was performed using two-way ANOVA with Bonferroni multiple comparisons test.
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Figure 5. Phyto-pharmacovigilance of hypoglycaemic activity in T2D murine model with pharmacotherapeutic
monitoring of CUAQE and glibenclamide for determining extract-drug interactions. FBG (mg/dL) in C57BL/6 male
mice. ***p<0,001 vs CTL-T2D. Values represent means + SEM of each group. Statistical analysis was performed using

two-way ANOVA with Bonferroni multiple comparisons test.

92



300+
a CTL-T2D
s T2D-Sit

2101 o T2D-CuAqE-Sit

= + Chronic diabeles

240+

2104 4;//5;—‘/

1804

e Acute diabetes

HFD-DIO

Prediatietes

150+

Blood Glucose (mg/dL)

1204

Narmoglycemic

60~
1 1 L 1 1
L I | 1

1 1 1 1 1 1 | 1 L
Ll 1 1 1 | ) 1 1 I 1
Start 32 33 34 35 36 1(37) 2(38) 3(39) 4(40) 5{41) 6(42) 7(43) B8 (44)

Time (weeks)

Figure 6. Phyto-pharmacovigilance of hypoglycaemic activity in T2D murine model with pharmacotherapeutic
monitoring of CUAQE and sitagliptin for determining extract-drug interactions. FBG (mg/dL) in T2D C57BL/6 male
mice. ***p<0,001 vs CTL-T2D. Values represent means + SEM of each group. Statistical analysis was performed using
two-way ANOVA with Bonferroni multiple comparisons test.
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3.2 Regulation in growth patterns and body composition by CuUAqE in DM murine
models

The pathophysiological state of DM includes changes in BW, so we monitored growth
patterns and body composition in both models. T1D mice tend to drastically lose BW
(18%) after treatment with MLD-STZ, without reaching a state of underweight. At end
of experiment, they had a 3% gain. T1D-CuAgE mice had a BW loss (12%), however,
during the 8 weeks post-treatment with CUAQE they had a 5% gain, but not significant
compared to CTL-NOM mice (Fig. 7). When insulin or CuAgE with insulin is

administered, the BW loss is not as severe (Fig. 4S).

Moderate obesity is induced in T2D mice during HFD feeding. When extract is
administered to T2D-CuAgE mice, their rate of weight gain is lower than that of T2D-
CTL mice (Fig. 8, p<0,001). When OAD’s are administered to T2D mice, BW
decreases, significantly regulating weight gain from week 5 post-treatment until the end
of the experiment. If CUAQE is administered concomitantly with OADs, the rate of BW
loss increases (Fig. 5S). For a better analysis of growth patterns and body composition,
nutrient’s intake, energy density parameters, energy metabolism parameters and water

intake they can be consulted at supporting information.

3.3 Metabolic effects of CUAQE associated with altered glucose regulation and
insulin resistance

GITT's were performed on a large cohort (8 weeks with DM) in male C57BL/6 mice to
gain insight into glucose handling during DM mouse models for evaluated metabolic
effect of CUAQE on hyperglycemia. Glucose administration led to a far higher glucose
excursion/effective use in CTL-T2D mice than CTL-T1D mice. In both models,
incremental AUC was significantly different respect to CTL-NOM (p<0,05). In OGTT,
CUAQE reduced AUC by 17% in T1D-CuAgE and 53% in T2D-CuAgE mice (Tables 1-
2). T1D model for groups of mice that received insulin without and with CuUAqQE was not

significantly different among them.
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Figure 7. Longitudinal variation of body weight in T1D murine model with pharmacotherapeutic monitoring of
CuAqgE as treatment against T1D. Body weight changes in T1D C57BL/6 male mice that were treated with CuAqE.
Values represent means = SEM of each group (n=5). Statistical analysis was performed using two-way ANOVA with

Bonferroni multiple comparisons test. ***p<0,001 vs CTL-T1D.
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Figure 8. Longitudinal variation of body weight in T2D murine model with pharmacotherapeutic monitoring of
CuAqgE as treatment against T2D. Body weight changes in T2D C57BL/6 male mice that were treated with CuAqE.
Values represent means = SEM of each group (n=5). Statistical analysis was performed using two-way ANOVA with
Bonferroni multiple comparisons test. ***p<0,001 vs CTL-T2D and **p<0,01 vs CTL-T2D.
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Table 1. Areas under curve during glucose/insulin tolerance tests in T1D murine model with pharmacotherapeutic

monitoring of CUAQE and therapeutic regimen against T1D for determining extract-drug interactions.

T1D models
CTL-NOM
CTL-T1D
CTL-CuAqE
T1D-CuAqE
T1D-InsN
T1D-InsR
T1D-CuAgE-InsN
T1D-CuAgE-InsR

oGTT*
22367+1062
75882+2146*
19659+872%
63051+2421*#&
47691+2730*#&$
32255+2451*#8$
46820+2422*#&3
30743+2443*#8$

ipGTT*
197884784
64521+852*
19809+851*
51180+2683*
52107+4119*
35637+1445+#8S
500011517+
35037944453

ITTS*

6510713
24798+447*

6900+320%
18933+1697*#&
13923+486*#$
11088+185*#$
15690+319*#&$a
1214441 32*#$b

IVGTT*
22473440
62801+1103*
21761+538*
48290+2249*#&
43043+1322*#4$
28209+463*#83
41006+1056*#$
27080+324*#83

Oral Glucose Tolerance Test (50mg, OGTT), Intraperitoneal Glucose Tolerance Test (50mg, ipGTT), Intraperitoneal

Insulin Tolerance Test (0.75 1U/kg, IITT) and Intravenous Glucose Tolerance Test (50mg, IVGTT) in C57BL/6 male mice

were treated with CUAQE and drugs against T1D. Values represent means + SEM of each group (n=5). *Such as Area

Under the Curve (AUC). Statistical analysis was performed using two-way ANOVA with Tukey multiple comparisons test
for each intervention time. *p<0,05 vs CTL-NOM; # p<0,05 vs CTL-T1D; & p<0,05 vs CTL-CuAgE; $ p<0,05 vs T1D-
CUAQE; 2p<0,05 vs T1D-InsN and P p<0,05 vs T1D-InsR.
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Table 2. Areas under curve during glucose/insulin tolerance tests in T2D murine model with pharmacotherapeutic

monitoring of CUAQE and therapeutic regimen against T2D for determining extract-drug interactions.

T2D models
CTL-NOM
CTL-T2D
CTL-CuAqE
T2D-CuAqE
T2D-Met
T2D-GLI
T2D-SIT
T2D-CuAgE-Met
T2D-CuAqE-GLI
T2D-CuAqE-SIT

OGTT*
21515+1010
52523+2321*
19268+596*
24645+533*#&
20972+273%
20147+431%
19542+352#
19940+327#
19748+199%
18546+115*#%

ipGTT*
21354+552
41169+589*
20832+460"
26766+521*#
27201+378*#
26610295+
25809:+303*#23
26301+273*#a
27501:+264*#eb
251554427483

ITTS*

8475+203
24888+197*

8184+155%
11346+178*#
12975+143*#$
12609+215*#$
11883+153*#$
11100+261*#a
11817+173*#b
10734+450*#&sc

IVGTT*
22658+190
38649+299*
21102+250%
27183+224%
24602+112#8%
23534+208%4%
22799+139%8%
23522+100%&%a
226161164740
21891+169%&%¢

Oral Glucose Tolerance Test (50mg, OGTT), Intraperitoneal Glucose Tolerance Test (50mg, ipGTT), Intraperitoneal

Insulin Tolerance Test (0.75 1U/kg, IITT) and Intravenous Glucose Tolerance Test (50mg, IVGTT) in C57BL/6 male mice

were treated with CUAQE and drugs against T1D. Values represent means + SEM of each group (n=5). *Such as Area

Under the Curve (AUC). Statistical analysis was performed using two-way ANOVA with Tukey multiple comparisons test
for each intervention time. *p<0,05 vs CTL-NOM; # p<0,05 vs CTL-T2D; & p<0,05 vs CTL-CUuAqE; ® p<0,05 vs T2D-
CUAQE; 2 p<0,05 vs T2D-Met; P p<0,05 vs T2D-Gli and ¢ p<0,05 vs T2D-Sit.
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Glucose excursion/effective use was accompanied by a w2-fold increase in blood
glucose concentration, peaking 15 min after glucose administration and returning to
basal levels 120 min after in all groups, except for mice treated with CUAQE not having
better efficiency than OAD’s mice (p<0,05).

In ipGTT, T1D model a less effective trend in glucose utilization is observed in all
treatments compared to CTL-T1D (p<0,05), except with T1D-InsR andT1D-CuAqE-
InsR, which shows a stable regulation during the test time with an additive effect
between both drugs. There are differences in AUC of IITT between T1D-CuAqE mice
and Ins/CuAgE or insulin alone (Table 1. p<0,05).

In IVGTT, through our finding, we observed that AUC in all treatments were significantly
lower than those in T1D mice (p<0,05). There is difference in Ins/CuAgE or insulin
alone with CUAQE treatments. These results together could indicate down-regulation of

glucose homeostasis by CUAQE in this model (Table 1).

InipGTT, T2D model increased BG was not significantly altered AUC by oral treatment
with OAD’s with and without CuAgE, within 120 min after glucose loading. However,
all treatments decrease AUC compared to CTL-T2D at 60 and 120 min. [ITT was used
to determine the degree of peripheral glucose utilization. CUAQE and OAD’s treatment
improved insulin tolerance, as evidenced by lower plasma glucose levels and AUC
when compared to T2D-CTL (Table 2. p<0,05).

IVGTT was performed to assess glucose tolerance. After receiving glucose in T2D-
CuAgE mice reduced AUC (p<0,05), indicating that the test plant medicinal has the
potential to improve glucose tolerance. Even when administered in conjunction with an

OAD’s, it reduces AUC even more than when OAD’s are administered alone (Table 2).

In figure 9 depicts concentration of serum insulin in T1D mice. As expected, insulin
levels in T1D mice were three-fold less than those of CTL-NOM (p<0.001).
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Figure 9. Fasting serum insulin in T1D murine model with pharmacotherapeutic monitoring of CuAqE and
therapeutic regimen against T1D for determining extract-drug interactions. FSI (ng/dL) in C57BL/6 male mice that
were treated with a therapeutic regimen against T1D and with CUAQE. Values represent meanst SEM of each group.

Statistical analysis was performed using two-way ANOVA with Bonferroni multiple comparisons test. ***p<0,001 vs CTL-
T1D.
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Figure 10. Fasting serum insulin in T2D murine model with pharmacotherapeutic monitoring of CuAqE and
therapeutic regimen against T2D for determining extract-drug interactions. FSI (ng/dL) in C57BL/6 male mice that
were treated with a therapeutic regimen against T2D and with CUAQE. Values represent meanst SEM of each group.

Statistical analysis was performed using two-way ANOVA with Bonferroni multiple comparisons test. ***p<0,001 vs CTL-
T2D.
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Insulin treated mice increased insulin levels compared to CTL-T1D and not by a
regeneration effect but by the administration of exogenous insulin as a treatment.
Furthermore, CuAgE increased too insulin levels in TLD-CuAgE mice significantly and
also when administered concomitantly with insulin (p<0,001).

CTL-T2D mice have elevated insulin levels compared to CTL-NOM mice generating a
state of hyperinsulinemia and consequently insulin resistance. In T2D-CuAgE mice,
there was a decrease in insulin secretion, but it was not significant. However, in mice
given CuAqE and OADs, the decrease in insulin concentration was considerable (Fig.
10, p<0,001).

Into the bargain GITT's, other dynamic tests are used to estimate peripheral insulin
resistance, fasting indexes are based on glucose and insulin values such as HOMA-
IR, QUICKI, %S, HOMA-B and Index DI. In T2D model, HOMA-IR levels were reduced
after treatment with OAD’s and with and without CUAQE, indicating a reduction in insulin
resistance and improved glycemic management (p<0,05). Compared to T2D-CTL, mice
receiving a CuUAqE showed a remarkable improvement in metabolic indices similar to
OAD’s (Table 3). The data generated for T1D model has no implication in insulin

resistance and sensitivity (Table 3S).

3.4 Interaction of CUAQE in combination with OAD’s in T2D model mice
Dose-response curves in T2D murine model with pharmacotherapeutic monitoring
were made for CUAQE and OAD’s and presented a dose-dependent effect. The efficacy

of a drugs was indicated by the maximum of its dose-effect curve.

CuAgE dose to achieve a hypoglycemic effect in a single dose up to normoglycemic
levels, was approximately 22 mg/kg. In the case of Metformin was necessary 28 mg/kg.
For Sitagliptin and Glibenclamide were 0.86 and 0.071mg/kg respectively. Because of
above CuAgE and OAD’S produce overtly similar effects were generally do so with
different doses (Fig. 11).
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Table 3. Insulin resistance and sensitivity in T2D murine model with pharmacotherapeutic monitoring of CUAQE

and OAD’s for determining extract-drug interactions

T2D models HOMA-IR %S HOMA-B Index DI QUICKI
CTL-NOM 0.99+0.03 100.94+2.92 50.80+1.59 51.26+1.52 0.335+0.001
CTL-T2D 6.24+0.39* 16.08+1.04* 123.89+3.72* 19.91+1.17*  0.264+0.002*
CTL-CuAgE 0.88+0.03*  113.91+3.27# 53.98+1.29% 61.47+1.66** 0.341+0.001%
T2D-CuAgE 3.10+0.09*#&  32.23+0.96*#&  134.12+1.74*%&  43.24+1.75**& (.287+0.001*#&
T2D-Met 2.55+0.07*%&  39.25+1.05**&  134.10+2.68**%  52.65+2.42*% (.295+0.001*#&
T2D-Gli 2.55+0.04*%  39.21+0.59**&  142.46+3.44**  5586+1.67* 0.295+0.001*#
T2D-Sit 2.21+0.15%%&  45.49+3.25*&  130.92+3.02**  59.61+5.48** 0.300+0.003*#
T2D-CuAgE-Met  2.01+0.04%$  49.79+1.06*%%2  112.90+2.93*#%a 56.21+1.72**  0.304+0.001%&%
T2D-CuAgE-Gli  2.02+0.07%%  49.59+1.64*#8%0  120.23+2.43*¢%  59.65+2.87*#  0.304+0.001%%

T2D-CuAgE-Sit

1.660.08%&%

60.35+3.04*#&3¢

104.84+3.99*#&%¢

63.21+2.57*

0.312+0.002%&%

Homeostatic Model Assessment (HOMA-IR), Insulin sensitivity (%S), B-cell function (HOMA-B), Disposition index (DlI)
and Quantitative Insulin Sensitivity Check Index (QUICKI) in C57BL/6 male mice that were treated with a therapeutic
regimen against T2D and with CuAgE. Values represent means + SEM of each group (n=5). Statistical analysis was
performed using two-way ANOVA with Dunn's Multiple Comparison Test. *p<0,05 vs CTL-NOM; # p<0,05 vs CTL-T2D;
& p<0,05 vs CTL-CuAgE; $ p<0,05 vs T2D-CuAqE; 2 p<0,05 vs T2D-Met; ® p<0,05 vs T2D-Gli and ¢ p<0,05 vs T2D-Sit.
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Figure 11. Comparation of dose-response curves in T2D murine model with pharmacotherapeutic monitoring.
of CUAgQE and OAD’s for determining extract-drug interactions. Blood glucose (mg/dL) in C57BL/6 male mice that
were treated with oral hypoglycemic medications and with CUAgQE
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In dose-effect data that exhibit the hyperbolic shape (shown in Fig. 11) was taken on a
different appearance if the effect is plotted against the logarithm of dose (shown in
Figure 8S). The transformed plot is sigmoidal or S-shaped, yet it conveys the same
kind of information. data points in the mid-range, this subset of points displays a nearly

linear trend and whit this subset of points was used to get CUAQE or OAD’s Dso value.

In figure 12 shows Dso of CUAQE and OAD’s such as are indicators of drug potency
therefore regarding to CuAqE relative potency was CuAgE (1) > Met (0.479) > Sit
(0.027) > Gli (0.0022). Gli requires lower dose to achieve the half maximal effect is to

be more potent than CuAqE.

For combination of CUAQE with each OAD’s, an isobologram was constructed with
equieffective doses of the individual drugs when each is present alone. Zmix of CUAQE
with each OAD’s were calculated by the same method used to determine Dso. The
generated additivity line represents all possible combinations that are equivalent in
producing the effect (Eso).

To perform the isobolographic analysis of the interaction of CUAQE with each of the
OADs, an additivity line was used and all the points on this line, which theoretically
represent the pairs of additive doses (Zadd) of the drugs administered together that
cause the same level of effect as the drugs alone.

When performing the combination experiment, the doses to cause the same effect
(Zmix) were lower than the theoretical additive doses (Zadd) SO there is a superadditive
or synergistic effect between both drugs with a statistically significant difference
between them (p<0.05). All combinations were super-additive or synergistic (Figures
13-15).
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Dso CUAQE

Log Dso 1.51
Dso 32.618
Variance Log Dso | 0.00012
0 Log Dso 0.0111
o Log Dso (t) 0.0188
0 Dso 0.8364
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Dso Metformin

Log Dso 1.19

Dso 15.640
Variance Log Dso | 0.000057
o Log Dso 0.0076

o Log Dso (t) 0.0129

0 Dso 0.273

Ds50=15.64 +0.273 mg/kg

Dso Glibenclamide

Log Dso -1.12

Dso 0.075
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Dso Sitagliptin 100
Log D 0.051 90»—@ y=76x+53,874 R%=0997
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Dso 0.889 £
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Variance Log Dso | 0.000027 g or A
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Figure 12. Dose-Response for drug alone

Hypoglycemic effect in C57BL/6 male mice that were treated with a therapeutic regimen
against T2D or CuAgE. The drug was orally-administrated with intra-gastric probe (0.1
mL/10 g body weight).

(A) Determination Dso from of CUAQE

Slope=41.34 to 47.11; Y-intercept=-20.74 to -13.00; Goodness of Fit: coefficient of
determination (r?)=0.962. p< 0.0001, F=961.9; DFn=1.000 and DFd=38.00. n=40.

(B) Determination Dso of Metformin.

Slope= 134.5 to 166.3; Y-intercept= -148.4 to -110.9; Goodness of Fit: coefficient of
determination (r?)=0.9307. p< 0.0001, F=376.2; DFn=1.000 and DFd=28.00. n=30.
(C) Determination Dso of Glibenclamide.

Slope= 100.4 to 110.3; Y-intercept= 163.2 to 173.8; Goodness of Fit: coefficient of
determination (r?)=0.9798. p< 0.0001, F=1839; DFn=1.000 and DFd=38.00. n=40.

(D) Determination Dso of Sitagliptin.

Slope= 70.61 to 80.77; Y-intercept= 52.94 to 54.81; Goodness of Fit: coefficient of
determination (r?)=0.9654. p< 0.0001, F=920; DFn=1.000 and DFd=33.00. n=35.

Statistical analysis was performed using linear regression and one-way ANOVA by t-
Test. p< 0.05.
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Dose data of combination drug Dso Mixture
Metformin CuAqE Combination Log Dso 128
mg mg/kg mg mg/kg mg/kg CI*
547.41 | 7.82 11416 | 16.31 | 24.13 1 Dso (Zmi) 18.97
273.71 | 3.91 570.8 8.15 | 12.06 0.5 Variance Log Dso 0.0169
136.85 | 1.96 285.4 | 4.08 | 6.03 0.25 o Log Dso 0.1299
68.43 0.98 142.7 2.04 3.02 0.13
o Log Dso (t) 0.0088
34.21 0.49 71.4 1.02 1.51 0.06
17.11 | 024 357 | 051 | 075 0.03 0 Dso 0.2301
Zadd=24.13+ 0.44 mg/kg Zmix=18.97+0.23 mg/kg
N CuagE + Metformi
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Figure 13. Combination drug analysis metformin with CuAqE. Hypoglycemic effect in
mouse in C57BL/6 male mice that were treated with metformin and CuAqE. The mixture was
orally-administrated with intra-gastric probe (0.1 mL/10 g body weight). Table Left. Dose data
of combination drug. Combination dose is the sum of be individual doses. Proportion
Pme=0.32 and pcuaqge=0.68. *Combination index. Reducing total dose by half determined
another dose and so on until achieving 6 doses by dilution. Figure Left. Dose-Response for
combination drugs. Slope=46.25 to 58.69; Y-intercept=-23.01 to -11.12; Goodness of Fit:
coefficient of determination (r?) =0.962. p< 0.0001, F=331.9; DFn=1.000 and DFd=13.00. n=15.
Table right. Dsp mixture. Using linear regression. Figure right. Line of additivity of the
isobologram. Equieffective dose pairs or isoboles (A, 0), (0, B). A=Dso CuUAQE and B Dsg
Metformin. Statistical analysis was performed and one-way ANOVA by t-Test. p<0.05.
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Dose data of combination drug Dso Mixture
Glibenclamide CuAqE Combination Log Dso 115
mg mg/kg mg mg/kg mg/kg CI*
Dso (Zmi 14.2
263 | 0038 |11416 |1631 | 16.35 1 50 (Zmix) °
1.32 0.019 570.8 | 8.15 8.17 0.5 Variance Log Dso 0.00053
0.66 | 0.009 285.4 | 4.08 4.09 0.25 o Log Dso 0.23
0.33 0.005 142.7 2.04 2.04 0.13
o Log Dso (t) 0.0394
0.16 0.002 71.4 1.02 1.02 0.06
008 | 0.001 35.7 | 051 0.51 0.03 6 Dso 0.7542
Zadd=16.35+0.42 mg/kg Zmix=14.25+0.75mg/kg
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Figure 14. Combination drug analysis glibenclamide with CuAqE. Hypoglycemic effect in

C57BL/6 male mice that were treated with glibenclamide and CuAgE. The mixture was orally-

administrated with intra-gastric probe (0.1 mL/10 g body weight). Table Left. Dose data of

combination drug. Combination dose is the sum of be individual doses. Proportion pgi=0.002

and pcuaqe=0.998. *Combination index. Reducing total dose by half determined another dose

and so on until achieving 6 doses by dilution. Figure Left. Dose-Response for combination
drugs. Slope=32.38 to 37.19; Y-intercept=8.196 to 11.77; Goodness of Fit: coefficient of
determination (r?) =0.975. p< 0.0001, F=879.9; DFn=1.000 and DFd=23.00. n=25.

Table right. Dsp mixture. Using linear regression. Figure right. Line of additivity of the

isobologram. Equieffective dose pairs or isoboles (A, 0), (0, B). A=Dso CuUAqE and B Dso

Glibenclamide. Statistical analysis was performed and one-way ANOVA by t-Test. p<0.05.
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Dose data of combination drug Dso Mixture
Sitagliptin CuAqE Combination Log Dso 117
mg mg/kg mg mg/kg mg/kg CI*
31.12 0.445 11416 | 16.31 | 16.75 1 Dso (Zens) 14.86
15.56 0.222 570.8 8.15 8.38 0.5 Variance Log Dso 0.00189
778 |0.111 2854 | 4.08 | 4.19 0.25 o Log Dso 0.0435
3.89 0.056 142.7 2.04 2.09 0.13
o Log Dso (t) 0.0740
1.94 0.028 71.4 1.02 1.05 0.06
097 | 0014 357 | 051 | 052 0.03 0 Dso 1.488
Zadd=16.7520.42 mg/kg Zmix=14.86+1.49mg/kg
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Figure 15. Combination drug analysis sitagliptin with CuAqE. Hypoglycemic effect in
C57BL/6 male mice that were treated with sitagliptin and CuAgE. The mixture was orally-
administrated with intra-gastric probe (0.1 mL/10 g body weight). Table Left. Dose data of
combination drug. Combination dose is the sum of be individual doses. Proportion psi=0.027
and pcuaqe=0.973. *Combination index. Reducing total dose by half determined another dose
and so on until achieving 6 doses by dilution. Figure Left. Dose-Response for combination
drugs. Slope=23.75 to 29.18; Y-intercept=17.20 to 20.97; Goodness of Fit: coefficient of

determination (r?) =0.934. p< 0.0001, F=398.6; DFn=1.000 and DFd=28.00. n=30.

Table right. Dsp mixture. Using linear regression. Figure right. Line of additivity of the

isobologram. Equieffective dose pairs or isoboles (A, 0), (0, B). A=Dso CUAQE and B Dsg

Glibenclamide. Statistical analysis was performed and one-way ANOVA by t-Test. p<0.05.
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4. Discussion

A wide range of animal models DM such as genetic, nutritional or experimental
induction. Have been proven to be excellent tools to study the molecular mechanisms
as well as its accompanying illnesses (Nagy & Einwallner, 2018). STZ-induced diabetes
in rodents simulates the immunological and clinical signs of TADM in humans, and is a
suitable model for studying the molecular and immunological mechanisms when

evaluating medicinal plants or new drugs (Li et. al., 2021).

Besides C57BL/6 mouse model used in the present study is considered to very closely
mimic the progression of T2D when fed with HFD ad libitum, develop obesity,
hyperglycemia, and hyperinsulinemia along with hypertension, however, they remain
lean without metabolic abnormalities when fed normal chow diet ad libitum (Mahesh
et.al., 2018).

Due to metabolic changes present in DM, treatment involves lifestyle changes, oral
medications, and in some cases, injectable drugs. Despite these therapeutic
alternatives, the WHO estimates that 80% of the world’s population uses traditional
medicine to treat diseases such as T2D, and in recent years, studies have increased
on plants with potential antidiabetic activity, their main bioactive compounds, and their

possible mechanisms of action involved (Rey et. al., 2024).

Such is the case of Xiao Bopi from traditional Chinese medicine (up to 1.5 g/kg) has
been evaluated in a murine model of diabetic retinopathy and after 8 weeks of
administration of the aqueous extract effectively increased glucose tolerance and
insulin sensitivity, although CuAqE has the same hypoglycemic effect, but it was
evaluated in different models of diabetes and its underlying mechanisms remain
unclear (Ai, et. al., 2022).

The use of herbal drugs (alone or in combination with allopathic medications) to treat
the symptoms of DM is common in Mexico. There are at least 800 Mexican plants used
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for treating diabetes nowadays. Unfortunately, only a few of these species (40) have
been analyzed to confirm their efficacy as antidiabetic agents like plants of family
Asteraceae (Escanddn et. al., 2020). People consider that herb preparations are less
toxic, more efficacious and less expensive than allopathic products.

With same use as CUAQE in the treatment of DM we found Calea ternifolia (prodigiosa,
zacachichi and amula) and its aqueous extract (up to 316 mg/kg) made from aerial
parts of the plant. Which was effective in controlling fasting and postprandial blood
glucose levels in mice with experimental T2D (STZ, 100 mg/kg and NAD, 40 mg/kg),
but not in a DIO-HFD model.

We use this model to generate DM, so we cannot compare the results, but we can
compare the effect and which is due to flavonoids, chromenes and sesquiterpene
lactones with potent inhibitory activity against a-glucosidase (Escandon et. al., 2012

and 2017). Both plants represent good phytotherapeutic agents.

Overall, which demonstrated the ability of CUAQE to substantially reduce the blood
glucose levels of diabetic mice. To determine the role of insulin secretion and insulin

sensitivity, additional tests are required to assess each of these factors such as HOMA.

Since insulin resistance contributes greatly to the metabolic syndrome and is the major
cause of type 2 diabetes mellitus, treatment with insulin sensitizers may ameliorate
these pathophysiological abnormalities; CUAQE can be natural drug very helpful for this.
Moreover, our findings are consistent with hypoglycemic evaluations of medicinal
plants (Liu et. al., 2017; Alshabi et. al., 2022; Ghanbari et. al., 2022; Rey et. al. 2024;
Reza et. al., 2024).

Glucose tolerance test is an important tool to diagnose with impaired glucose
metabolism, a key characteristic of diabetes. However, GTT protocol in mice is not

standardized and can vary widely between research teams, inasmuch as can intervene
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several variables in mouse GTT protocol including time of glucose dosing, fasting
duration, handling stress, anesthesia, and the timing of experimentation from the

standpoint of assessing murine glucose metabolism (Small et. al., 2022).

Alternatively, fasting time may play a role whereby a decrease in glucose level can
potentiate/drop AUC during an OGTT. Therefore, not recommend overnight fasting
before a GTT but it is important to consider that even shorter fasts, such as the 6-h fast
used in this study, can be ideal duration for discriminating differences in glucose

tolerance between Chow- and HFD-fed mice (Small et. al., 2022).

The glucose tolerance test (GTT) is a cornerstone technique that assesses whole-body
glucose homeostasis following the administration of a glucose load. It is not only used
in clinical practice but is also widely used in animal-based biomedical and

pharmaceutical research.

In this context, the GTT (oral, intraperitoneal, or intravenous) is frequently used in
laboratory mice as an integrative readout of whole-body glucose handling and, when
combined with blood insulin measurements, is thought to provide some additional

readout of B-cell function and insulin action (Bruce et. al., 2021).

CuA(gE regulated glucose and insulin metabolism in both models, even though results
for OGTT, IVGTT, and IPGTT was different because the underlying physiological

mechanisms are unique (Hahn et. al., 2024).

Considering DM is a multifactorial chronic disease, further research is needed to better
understand the possible mechanism of the hypoglycemic action of this plant by
exploring the effect of CUAQE on the hepatic glucose production, intestinal glucose
absorption, and peripheral glucose uptake in the muscle and adipose tissues whit a
bioactivity-guided approach to further investigate the hypoglycemic activity as like other
anti-diabetic medicinal plants (Widyawati et al., 2022).
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For the treatment DM is a need for new hypoglycemic agents which will have
therapeutic efficacy as well as less side effects. There are shapeless to manage
diabetes with medicinal plants which is having less side effects, better effectiveness,

multiple target sites and are of relatively low cost (Prabhakar et. al., 2011).

Also, if the therapeutic doses of ODA’s could be reduced by replacing it with a
phytochemicals or medicinal plants, the side effects caused by OAD’s such as
diarrhea, lactic acidosis, hepatic failure, weight gain, tachycardia and hypothyroidism

could be reduced to a large extent (Alam et. al., 2022).

For such therapeutic strategy one has to consider interaction between OAD and
phytochemicals and on the metabolism as well as the bioavailability of the
phytochemicals. In this study we focus on interactions of combination CuAgE with

OAD’s, it would be necessary to delve deeper into the ADME processes.

Compared to the pharmacological effects observed with OAD’S, better results are
obtained with OAD"S/CuAQgE due to the presence of various bioactive compounds of
plant that can work in synergy by targeting either the same or different pathways to

reduce glucose that OAD’S.

The results of indicate that combination of CuAqE with OAD’s could provide an
opportunity to reduce the dose of OAD’s, which may help in minimizing the adverse
effects of these commercial drugs as well as achieve enhanced therapeutic effects. At
the same time, proper precaution and care should be taken to avoid the severe
hypoglycemia that may occur due to combination of CUAQE and OAD’s.

Finally, we provide guidelines for experimental design of DM in mice for evaluation
medicinal plants such as CuAgE and can be tools to investigate influence
pharmacological in glucose metabolism when medicinal plants and drugs are used.

Even though outside of the scope of this research, many other downstream applications
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can be performed as well as detailed analysis of metabolic markers for understand

better disease pathogenesis and developing new therapies based on natural extracts.

CuAgE at the present study showed the ability to reduce BG to be within the
hypoglycemic range in the model DM which validated its activity as a hypoglycemic
drug. Besides it is necessary to investigate further possible antidiabetic mechanisms of
action of CuAqE. For subsequent studies, it is recommended to design a formulation
through which to administer CUAQE and carry out studies in humans.

Conclusions

Altogether results of this inquiry suggest that CUAQE is promising as a complementary
or adjuvant treatment for DM, since they are not only limited to controlling FBG, PPBG
and FSI in MLD-STZ and DIO-HFD in C57BL/6 male mice but also modifies the glucose
metabolism observed in GTT's, HOMA-IR and QUICKI. Likewise, it has a synergistic
behavior with the OAD’s. It is uppermost to highlight that this would be the first time
that CuAQE of has been determined to have a positive effect on several relevant

outcomes in the control of DM.
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Figure 1S. Phytopharmacological evaluation of postprandial hypoglycaemic activity in T1D murine model with
pharmacotherapeutic monitoring of CUAQE as treatment against T1D. PPBG (mg/dL) in T1D C57BL/6 male mice
***n<0,001 vs CTL-NOM and ** p<0,001 vs CTL-T1D. Values represent means + SEM of each group. Statistical analysis
was performed using two-way ANOVA with Bonferroni multiple comparisons test.
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Figure 2S. Phytopharmacological evaluation of postprandial hypoglycaemic activity in T2D murine model with
pharmacotherapeutic monitoring of CuUAQE as treatment against T2D. PPBG (mg/dL) in T2D C57BL/6 male mice
***p<0,001 vs CTL-NOM and **p<0,001 vs CTL-T2D. Values represent means + SEM of each group. Statistical analysis

was performed using two-way ANOVA with Bonferroni multiple comparisons tes
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Figure 3S. Phyto-pharmacovigilance of postprandial hypoglycaemic activity in DM murine models with
pharmacotherapeutic monitoring of CUAQE and treatment against DM for determining extract-drug interactions. PPBG
(mg/dL) in DM C57BL/6 male mice. (A) CUAgE with insulin. ***p<0,001 vs CTL-T1D and ** p<0,001 vs T1D-InsN. (B) CuAqE
with metformin. (C) CuAqE with glibenclamide and (D) CuAgE with sitagliptin. ***p<0,001 vs CTL-T2D and ** p<0,05 vs T2D-
Met. Values represent means = SEM of each group. Statistical analysis was performed using two-way ANOVA with Bonferroni

multiple comparisons test.
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Figure 4S. Longitudinal variation of body weight in T1D murine model with pharmacotherapeutic monitoring of
CuAqgE and insulin for determining extract-drug interactions. Body weight changes in T1D C57BL/6 male mice that
were treated with CUAQE and insulin. Values represent means + SEM of each group (n=5). Statistical analysis was

performed using two-way ANOVA with Bonferroni multiple comparisons test. ***p<0,001 vs CTL-T1D.
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Table 1S. Body growth (BG) and body composition (BC) parameters

in DM murine models with

pharmacotherapeutic monitoring of CUAQE and treatment against DM for determining extract-drug interactions.
Weight gain total (WGt), growth rate (GR), body length (BL), body surface area (BSA) and body mass index (BIM) in DM
C57BL/6 male mice that were treated with CUAQE and therapeutic regimen against DM. (A) T1D murine model and (B)

T2D murine model. Values represent means + SEM of each group (n=5). Statistical analysis was performed using one-

way ANOVA with Bonferroni's Multiple comparisons test for each intervention time. *p<0,001 vs CTL-NOM, **p<0,001 vs
CTL-T1D or CTL-T2D.

A Without pharmacological administration scheme With pharmacological administration scheme
Before MLD-STZ (12 weeks) After MLD-STZ (8 weeks)
BG BC BG BC
T1D models WGt GR BL (cm) BSA(cm? BMI (kg/m?) WGt GR BL (cm) BSA(cm?  BMI (kg/m?
CTL-NOM 6.50£1.55 1.27+0.07 6.98+0.24  66.41%¥1.74  4.55%0.18 0.86£1.06  1.03+0.04 7.26:0.19  69.16x1.98 4.50%0.13
CTL-T1D 6.98+1.26 1.30:0.06 6.96x0.21  66.63+1.75  4.59+0.09 -3.84+2.14*  0.88+0.07*  7.04x0.17  63.65:+1.46*  4.24x0.20*
NOM-CuAqE 5.50+£1.91 1.23+0.10 7.00+0.26 66.68+2.26 4.55+0.11 0.38+0.37**  1.01+0.01** 7.26+0.19 68.84+2.07** 4.47+0.05
T1D-CuAqE 6.76£1.04 1.29+0.06 7.08+0.36 67.32+2.58 4.53+0.16 -1.48+0.19**  0.95+0.01** 7.26+0.33 67.12+2.15** 4.32+0.14
T1D-InsN 6.68:1.08 1.28+0.05 6.960.15 66.35:0.69  4.57+0.17 -0.50+0.71*  0.98+0.02**  7.24+0.11  67.81x0.40"  4.40%0.11
TiD-InsR 6.32¢1.58 1.26x0.08  7.080.16 67.43t1.59  4.53%0.14 0.16£1.06* 1.01+0.03*  7.26x0.19  68.87+1.50*  4.47+0.08
T1D-CuAgE-InsN 6.44+£0.29 1.27+0.02 7.04+0.22 66.92+1.91 4.53+0.07 -0.44+0.63**  0.99+0.02** 7.26+0.21 68.00+1.31** 4.40+0.10
T1D-CuAgE-InsR 5.58+1.19 1.23+0.06 6.98+0.25 66.22+1.88 4.54+0.11 0.68+0.61**  1.02+0.02** 7.24+0.17 68.66+1.18** 4.47+0.08
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B Without pharmacological administration scheme With pharmacological administration scheme
Before MLD-STZ (12 weeks) After MLD-STZ (8 weeks)
BG BC BG BC
T2D models WGt GR BL (cm) BSA(cm?  BMI (kg/m?) WGt GR BL (cm) BSA (cm?) BMI
(kg/m?)
CTL-NOM 7.08+1.28 1.31+0.07 7.56+0.15 70.51+1.82 4.31+0.04 0.20+0.46 1.01+0.02 7.58+0.14 70.89+1.63 4.31+0.03
CTL-T2D 32.92+1.52*  2.39+0.12*  7.84+0.08* 94.41+1.33*  6.00+0.04* 3.66£0.80*  1.06%0.02*  8.14+0.06*  99.63+t0.59*  6.05+0.04*
NOM-CuAqE 6.14+2.23*  1.260.11** 7.44+0.18* 69.63+1.38"  4.36+0.07** 0.10£0.37**  1.00£0.01**  7.59+0.12**  70.76x0.82**  4.30+0.05**
T2D-CuAgE 33.08+1.12 2.40+0.10 7.88+0.12 94.77+1.17 5.98+0.07 2.20+1.36 1.04+0.02 8.19+0.13 98.99+0.92 5.95+0.12
T2D-Met 32.74+1.13  2.37+0.10  7.88+0.08  94.78+0.76  5.98+0.04 -1.60+1.45% 0.97+0.03*  8.21+0.06 96.38x1.53  5.71+0.08
T2D-GLI 32.16x2.01 2.33+£0.15 7.88+0.12 94.61+0.87 5.97+0.11 -2.04+1.83**  0.96+0.03** 8.05+0.13 94.56+1.54** 5.75+0.12
T2D-SIT 32.72+¢1.53  2.38+0.13  7.89+0.12  94.72+1.17  5.97+0.07 -4.24+4.42%  0.92:0.08*  8.22+0.10 94.24%3.11*  554%0.34%
T2D-CuAQE-Met  33.35:0.92  2.44+0.11  7.89+0.08  94.79+0.76  5.97+0.04 -2.04+2.92%  0.96:0.05**  8.20+0.12 95.85+1.39  5.69+0.23*
T2D-CUAQE-GLI  33.113¥2.13  2.42+0.17  7.88+0.08  94.69+1.34  5.97+0.04 -4.44+258*  0.92:0.05*  8.09+0.14 93.18+2.83  5.59+0.09*
T2D-CUAQE-SIT 33.04+1.55  2.40£0.15  7.89+0.06  94.90+0.99  5.98+0.07 -2.52+2.37*  0.96:0.04**  8.20+0.05 95.71+1.98  5.66+0.16*
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Figure 6S. Nutrient’s intake in T1D murine model with pharmacotherapeutic
monitoring of CUAQE and insulin for determining extract-drug interactions. Food
consumption expressed as gross energy o energy density in T1D C57BL/6 male mice
across the feeding time 20 weeks. (A) CUAQE as a treatment against T1D, ***p<0,001
vs CTL-NOM. (B) CuAgE and insulin ***p<0,001 vs CTL-T1D. Values represent means
+ SEM of each group (n=5). Statistical analysis was performed using two-way ANOVA

with Bonferroni multiple comparisons test.
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Figure 7S. Nutrient’s intake in T2D murine models with pharmacotherapeutic monitoring of CUAgQE and OAD’s
for determining extract-drug interactions. Food consumption expressed as Gross energy o energy density in male
C57BL/6 diabetic mice across the feeding time 44 weeks. (A) Biological Evaluation of CUAQE as a treatment against T2D.
(B) CuAgE with metformin. (C) CuAgE with Glibenclamide. (D) CuUAgQE with Sitagliptin. Values represent means + SEM

of each group (n=5). Statistical analysis was performed using two-way ANOVA with Bonferroni multiple comparisons test.
***p<0,001 vs CTL-T2D and # vs formulation of Oral Hypoglycemic Drugs and CUuAgE.
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and insulin for determining extract-drug interactions

Table 3S. Insulin resistance and sensitivity in T1D murine model with pharmacotherapeutic monitoring of CUAQE

T1D models HOMA-IR %S HOMA-B Index DI QUICKI
CTL-NOM 1.02+0.02 98.40+2.19 33.05+1.77 32.51+1.56 | 0.431+0.002
CTL-T1D 0.76+£0.23* | 163.2+41.48* 3.72+1.11* 4.92+0.10* | 0.461+0.030*
CTL-CuAqE 1.08+0.05% 92.99+4.72% | 37.56+1.47% | 34.90+1.57% | 0.426+0.004*
T1D-CuAqE 1.33+0.15% 75.90+9.21% 7.63+0.80*¢ | 5.73+0.07** | 0.411+0.009%
T1D-InsN 0.81+0.06*%% | 123.38+8.86*%% | 20.69+2.23*¢ | 25.38+1.23*¢ | 0.450+0.006*4%
T1D-InsR 0.80+0.03*%% | 125.51+4.96*4% | 27.11+1.03%% | 34.01+1.30% | 0.451+0.003*4%
T1D-CuAgE-InsN | 0.89+0.04%% | 112.33+4.62%% | 25.23+1.15**% | 28.32+1.30% | 0.442+0.003%%
T1D-CuAgE-InsR | 0.92+0.04%% | 109.26+4.56% | 29.47+1.68%% | 32.17+1.94* | 0.440+0.004%%

Homeostatic Model Assessment (HOMA-IR), Insulin sensitivity (%S), B-cell function (HOMA-B), Disposition index (DlI)
and Quantitative Insulin Sensitivity Check Index (QUICKI) in C57BL/6 male mice that were treated with a therapeutic
regimen against T1D and with CuAgE. Values represent means + SEM of each group (n=5). Statistical analysis was
performed using two-way ANOVA with Dunn's Multiple Comparison Test. *p<0,05 vs CTL-NOM; # p<0,05 vs CTL-T1D;
& p<0,05 vs CTL-CuAqE and $ p<0,05 vs T1D-CuAqE.
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Figure 8S. Hyperbolic dose-response curve in T2D murine model with pharmacotherapeutic monitoring. of
CuAgE and OAD’s for determining extract-drug interactions. Hypoglycemic effect (as a percentage) in C57BL/6 male

mice that were treated with oral hypoglycemic medications and with CUAqE.
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6.3 Pharmacotherapeutic evaluation of the aqueous extract of Calea urticifolia
in diabetic peripheral neuropathy murine models

1. Introduction

Diabetes mellitus (DM), is a chronic metabolic disorder of endocrine system diagnosed
by high blood glucose levels (hyperglycemia, BG). Concerning the pathogenesis of
disease, two major mechanisms have been proposed. Autoimmune destruction of the
pancreatic (- cells with consequent insufficient insulin production as well as

endogenous resistance of the body cells to insulin action or both (Goyal et. al., 2023).

DM has been classified mainly into three types: (a) juvenile/childhood-onset diabetes,
insulin-dependent diabetes or type 1 (T1D), defined by the deficiency of insulin
production in human body and its treatment requires regular administration of insulin
analogues. (b) adult-onset diabetes, non-insulin dependent diabetes or type 2 (T2D).
Finally (c) gestational (GD), is condition of HBG during pregnancy in women without a
previous history of DM (Lovic et. al., 2020). Additional clinically recognizable subtypes
exist, such Maturity-onset Diabetes of the Young (MODY) or late-onset autoimmune
form (latent autoimmune diabetes in the adult or LADA) but in Mexico is unknown
(Aleman-Contreras, et. al., 2024).

In Mexico, DM is the second leading cause of death and has an estimated prevalence
of 15.2% (12.8 million adults); furthermore, over the past three decades, mortality
attributable to diabetes increased by an alarming 77%. This is reflected in that Mexico
is the fourth country in the world with the highest burden of disease associated with
T2D. (Bello-Chavolla et. al., 2022). At the state level, the most pronounced increases
occurred in the poorest states of the country. The disproportionate and unequal burden
of T2D is result of the confluence of factors such as genetic predisposition, a high
prevalence of risk factors and comorbidities as well as insufficient coverage of health
services, which reflects serious limitations for early detection and proper control of the
disease that increase the risk of cardiovascular, neurological, and renal diseases and

other complications such as blindness and amputations (Montoya et. al., 2023).
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Although in Mexico current pharmacological treatments for DM such as insulin and oral
hypoglycemics are available, the Mexican population continues to use, and sometimes
prefers, medicinal plants in the treatment of DM. In terms of traditional medicinal
knowledge, Mexico is recognized as the second most important country in the world,
with a great ancestral tradition and richness in the use of medicinal plants, just after
China. Inside the Mexican territory, which is characterized by a wide range of
environmental conditions, approximately 4500 species are used by the 56 ethnic
groups that occupy it. The ancestral presence of these ethnic groups and their
interactions with their surrounding environments have allowed the development of
multiple local forms of knowledge and uses of natural resources to satisfy different
needs (Lucia et al., 2021).

According to ethnobotanical knowledge sheltered by Mexican Traditional Medicine
(MTM) botanical families with the largest number of plant species used for control of
DM are from the following families: Asteraceae, Leguminosae, Cactaceae,
Euphorbiaceae, Labiatae, Rubiaceae, Solanaceae, Cucurbitaceae, and Rosaceae
(Huerta-Reyes et. al., 2022). Among these families, Calea urticifolia (Asteraceae) is
highlighted due to endemic species in the country and wild species, continuous
common use by Xi'uy ethnic group in San Luis Potosi, Mexico as an herbal remedy for
DM in their rudimentary health system, and also was reported Aerial parts of the plant
for its hypoglycemic and antioxidant activity (Torres-Rodriguez et al., 2016). While
Calea urticifolia have clinical data in research that approach its hypoglycemic effect.
Have no safety or efficacy data available of the protective and antioxidant effect in

microvascular complications of DM such as Diabetic Neuropathy (DN).

High clinical suspicion and early recognition of diabetic microvascular complications
(DMC) are mandatory, as it is estimated that up to 25% of newly diagnosed patients
with T2DM have already developed one or more. DM and DMC pose a major global
health threat (Zheng et. al., 2018). It is important to note that chronic intracellular
hyperglycemia, genetic predisposition in synergy with the other metabolic disorders in
patients with DM can affect the macro and microvasculature and therefore cause
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damage to various organ systems, leading to the development of disabling and life-
threatening health complications. Most prominent of which are mainly from kidneys
(Diabetic Nephropathy is the leading cause of end-stage renal disease, ESRD), eyes
(Diabetic Retinopathy is the main cause of blindness) and nervous system (Diabetic
Neuropathy is the major risk factor for amputation and foot ulceration) and finally,
sexual dysfunction (Faselis et. al., 2020). In conjunction with (cardiovascular disease,
CVD) are the leading cause of morbidity and mortality in individuals with DM carrying
enormous financial burden with unequal healthcare expenditure and access to

treatment between developed and developing countries (Cole & Florez, 2020).

DM damage to the peripheral and autonomic nervous system, causing several patterns
of peripheral nerve injury, including radiculoplexus neuropathy, radiculopathy,
mononeuropathy and Diabetic Peripheral Neuropathy (DPN) refers to development of
peripheral nerve dysfunction. DPN is a distal-to-proximal loss of peripheral nerve
function causing physical disability and pain, lowering quality-of-life. Symptoms of DPN
are a predominantly sensory such as encompass numbness attributable to injury of
large, myelinated nerves, known as large. Fibers tingling and pain (burning, stinging,
shooting, deep aching) attributable to injury of unmyelinated nerves, known as small
fibers. Although there are often motor features with advancing disease (Elafros et. al.,
2022).

Patients with DPN usually experience symmetrical pain and numbness in the limbs,
particularly in the distal end. The most typical manifestation is the gloves-and-socks
sensation (Yang et. al., 2022). With loss of sensation identifying, it as Diabetic distal
Symmetric Polyneuropathy (DSPN) and is the most frequently encountered form of the
disease, accounting for 75% of DN. (Zhu et. al., 2024).

For diagnosis of DPN is recommends evaluating in patients with T2D at diagnosis and
patients with T1D five years after diagnosis and then annually thereafter. Screening
should comprise: a detailed clinical history (higher HbA1C). Examination physical of

sensations positive: tingling, burning, pain, prickling sensations (paresthesia),
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disordered sensory processing may evoke pain when the feet are touched (allodynia)

and increase sensitivity to noxious stimuli (hyperalgesia).

But also, negative sensations (numbness symmetric distal-to-proximal). Including
assessment of temperature or pinprick sensation (small fiber), vibratory sensation
(large fiber), and ability to perceive pressure using a 10-gram monofilament assesses
ulcer risk, (large fiber). Electrodiagnostic testing is rarely needed such as measures
nerve conduction velocities (NCVs) in sensory (sural, peroneal, tibial) and motor
(peroneal, tibial) nerves using surface or needle electrodes (Elafros et. al., 2022 and
Selvarajah et.al., 2019).

Peripheral nervous system (PNS) is formed by motor, sensory, and autonomic nerves
that connect tissues and organs to the central nervous system (CNS). Nerves are
formed by axons, long cytoplasmic protrusions of neurons located in or aside the spinal
cord, and specialized glial cells named Schwann cells (SCs). SCs can be divided into
three main classes, myelinating SCs, non-myelinating SCs, and terminal SCs.
Myelinating SCs associate one-to-one with axons, ensheath, and form a compact
myelin sheath around large caliber axons (> 1 um). In this way, they provide electrical
insulation which allows rapid, saltatory conduction of action potentials over long
distances. Myelination proceeds longitudinally to form internodes nodes of Ranvier
(Previtali, 2021).

The presence of myelin allows the neuronal electrical signals to achieve 20-100-fold
higher speeds compared with nonmyelinated axons. Under influence of oxidative
stress, and inflammatory reactions metabolic disorders (hyperglycemia, insulin
resistance, and hyperlipidemia), through special signal transduction pathways entail
mitochondrial dysfunction, whence destroy normal structure and function of nerve cells
and lead to neuronal demyelination (SCs apoptosis) and neuronal damage (Wallerian
degeneration), which are the main causes of DPN usually manifests as demyelination
by SCs apoptosis. (Liu, et. al., 2020 and Zhu et. al., 2024).
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Hyperglycemia and dyslipidemia are the most common two factors that can trigger
Oxidative and metabolic pathways for example: PKC pathway, polyol pathway, AGE
pathway, hexosamine pathway, and PARP pathway such as bioenergetic mechanisms
of nerve injury. In Polyol pathway excess glucose is converted to sorbitol by aldose
reductase; this results in osmotic imbalance in the cell secondary to increased sorbitol,

with resultant osmotic stress and compensatory efflux of myoinositol and taurine.

In turn, loss of myoinositol, an essential component of sodium/potassium (Na/K)
ATPase, impairs normal nerve physiology. A second set of neuronal insults occur as
aldose reductase activity depletes cellular stores of NADPH, needed for nitric oxide
(NO) generation and regeneration of the essential antioxidant glutathione. The resulting
generation of cytoplasmic ROS leads to ROS-mediated intracellular injury and cellular
dysfunction (Feldman et. al., 2017).

Current management of DPN focuses on controlling diabetes: Glucagon-like peptide 1
receptor agonists and neurotropic B vitamin supplementation, B1, B6, and B12
(Beshyah et. al., 2024) and neuropatic pain: antidepressants, antiepileptics and brain
neuromodulation techniques (Attal & Bouhassira, 2020). Lack of efficacy and the side
effects of drugs that are used to prevent and treat DPN also present serious clinical
problems. Thus, use of medicinal plants with antioxidant properties for the treatment of
DPN is increasing (Ahmadzadeh et. al., 2024).

There are no scientific studies carried out regarding the effect of aerial parts of Calea
urticifolia in DPN to substantiate their traditional therapeutic claim. Hence, the aim of
this study was to assess effect of a Lyophilized Aqueous Extract of Calea urticifolia
(CuAgE) in DPN mice model through measurement of behavioral tests, Compound

Action Potential (CAP) and aldose reductase activity.
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Materials and Methods

2.1 Materials

Mouse Akrlbl (aldose reductase) ELISA Kit was purchased from MyBioSource, USA.
Monofilaments (or Von Frey hairs) based on the Semmes Weinstein monofilament set
(from 0.008 to 300 grams) from Bioseb, USA. Isofloran (Soflorant Vet ®) from Pisa
Agropecuaria (PiISA® Farmacéutica, México). Streptozotocin (STZ) and test strips
Accu-Chek Aviva bought in Roche, UK. Compound of Krebs solution were purchased
from Sigma-Aldrich (St.Louis, MO, USA).

2.2 Herbal material harvest and preparation of lyophilized aqueous extract
(CuAqE)

Fresh leaves of adult plants of Calea urticifolia were harvested in Xi’'uy ancient native
community of Potrero del Carnero (21°52°27.6” N y 099°27°00.6”, to 901 msnm, San
Luis Potosi, Mexico) in July 2023. It was authenticated by an herbalist of Isidro Palacios
Herbarium (11ZD-UASLP, San Luis Potosi, México). Herbal material was separated and

transferred to absorbent paper for drying and stored at room temperature until use.

Dry leaves were crushed in an electric mill (Osterizer Pulse Matic Blenders) before
extraction. 100g were mixture with 1L of distilled water and boiled for 5 min. Once the
agueous extract was cooled down, it was filtered and freeze-dried (Freeze-dryer
TFD5505, llshin®, Hialeah, FL, USA). Residue was stored at 4°C until use.

2.3 Animal procurement, housing and bioethical considerations.

Four to six weeks old C57BL/6 male mice were purchased from the CINVESTAV-IPN.
(México City, México). Upon arrival, the mice were maintained in a controlled
environment (21+2° C, 50+10% humidity) with a 12 h light/dark cycles (7:00am to
7:00pm) and were given access to standard rodent food (Chow 5001) and water ad
libitum. The mice were acclimatized for 5 days prior to use, then randomly assigned to
diet groups and were housed in individual acrylic cages. Animal study protocol were

reviewed and approved by the Ilocal Animal Ethical Review Committee
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(CE102018015R2. FCQ-UASLP, San Luis Potosi, México) and the mice were handled
in agreement with animal ethics guidelines as the Mexican Norm for Animal Care and
Handing (NOM-062-Z0O0-1999).

2.4 Experimental Design: DPN mice model

DM was induced in C57BL/6 male mice, for T1D model according to Chemically-
Induced Diabetes by Multiple Low Dose Streptozotocin (40 mg/kg, MLD-STZ), at twelve
weeks were given intraperitoneally for five consecutive days and to T2D model in
accord with Diet-Induced Obesity (DIO-HFD) for thirty-six weeks.

It has previously been shown that C57BL/6 mice with MLD-STZ-induced diabetes
develop motor and sensory nerve conduction deficits, thermal and mechanical
hypoalgesia, tactile allodynia, intraepidermal nerve fiber loss, oxidative-nitrosative
stress, and accumulation of sorbitol pathway intermediates in nerve fibers (Watcho,
et.at., 2011). Thus, characterizing a model of Type 1 Diabetic Peripheral Neuropathy
(T1D-DPN).

In addition, DIO-HFD in C57BL/6 mice develops nerve fiber damage and displays
increased sorbitol pathway activity, oxidative-nitrosative stress, and proinflammatory
changes in peripheral nervous system (Watcho, et. al., 2010). Thus, generating Type 2
Diabetic Peripheral Neuropathy (T2D-DPN). To evaluate CUAQE in DPN models, we

decided to measure FBG, neuropathic pain, CAP and aldose reductase.

2.5 Treatments

Mice were randomly assigned into eight groups (n=5). For T1D model: Group 1 (CTL-
NOM), Group 2 (T1D-DPN), Group 3 (CTL-CuAgE), Group 4 (T1D/DPN- CuAqE). For
T2D model: Group 5 (CTL-NOM), Group 6 (T2D-DPN), Group 7 (CTL-CuAgE), Group
8 (T2D/DPN-CUAQE). Groups 3, 4, 7 and 6 were treated with CuUAgQE (11 mg/kg/day)
orally-administrated daily using an intra-gastric probe (0.1 mL/10 g body weight) to
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each of the mice in the same timing and order for 8 weeks. CUAQE was dissolved and

prepared fresh in physiological solution.

2.6 Biochemical parameters

Severity of the induced diabetic state was assessed by monitoring Fasting Blood
Glucose (FBG) with a Hand-held Blood Glucose Monitor (Accu-Check Aviva, Roche,
UK). Mice whose blood glucose level exceeded 250 mg/dL were considered as
diabetic. After surgical procedures, mice were euthanized by cardiac puncture for to
collect blood sample. Aldose reductase was measured according to the manufacturer's
protocol, for microplate reading at 450nm was run on Multiskan photometer with

software Ascent (Thermo Fisher Scientific®, USA).

2.7 Evaluation pain behaviors

2.7.1 non-stimulus evoked nociception

An overall assessment of the health and welfare of mice included an evaluation of the
animal in its home cage and a hands-on exam. Changes in body weight, water and
food consumption were recorded every week. Body Condition Score (BCS) was
evaluated by palpating sacroiliac bones (spine and hip bones) and assigning a score
from one to five. A score of one indicates extreme thinness, while a score of five
indicated obesity. Mice with an optimal body condition, scored a three, the bones are
palpable but not prominent (Burkholder et. al., 2012).

We follow a standardized behavioral coding system, Mouse Grimace Scale (MGS),
consisting of five facial features (action units), intensity of each feature was coded on
a three-point scale (Langford et. al., 2010). Mice were individually placed on a table top
in cubicles (9 x 5 x 5 cm) with two walls of transparent Plexiglas and two side walls of
removable stainless steel. Mice were acclimated for 30min and tested by to MGS for

20min.
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2.7.2 stimulus-evoked pain-like behaviors

To assess neuropathic pain, mechanical and cold allodynia were measured. Mice were
placed in elevated plexiglas cages (15 x 10 x 10 cm) with a wire mesh floor and allowed
to acclimatize for 10—30 min prior to testing. To assess mechanical allodynia, the paw
withdrawal threshold (PWT) to mechanical stimulation of the left hind paw was
assessed using von Frey hairs (North Coast Medical, San Jose, USA). A series of von
Frey hairs were pressed perpendicularly (for 2 s) onto the plantar surface of the hind

paw (four times for each hair).

A positive response was recorded if brisk withdrawal or paw flinching occurred.
Flinching immediately upon removal of the filament was also considered a positive
response. Pain-like behaviors such as flinching, licking, shaking, biting, jumping,
stretching or squashing the abdomen, guarding of the hind paw, and changes in
posture were assessed for their presence or absence. To determine mechanical
sensitivity were employed four methods: Up-down method, Simplified Up-Down
method (SUDO), Ascending stimulus method and Dixon method using threshold
tracking algorithm: PWT=log X+ (k) [6], where X = represents the value (in log units) of
the final Von Frey filament used; k = is a tabular value, and & is the mean difference (in
log units) between stimuli (Adamson et. al., 2016; Bonin et al., 2014; Watcho et al.,
2010).

2.8 Surgical procedures, stimulation and recording of CAP

At day of experiment, mice were anesthetized with isoflurane (exposure to long-term)
and sural nerve (3—6 mm, depending on the animal size) of both hind-limbs was
removed carefully during microscope-assisted visualization and placed on a recording
chamber filled with oxygenated Krebs buffer solution: (NaCl, 128 mM; NaH2PO4, 0.5
mM; CaClz, 1.5 mM; MgSOa4, 1.0 mM; NaHCOg3, 21 mM; glucose, 35 mM) which was
gassed with 95% Oz and 5% CO2. The pH and temperature of the buffer were
maintained at 7.4 and room temperature (22—24°C), respectively.
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Electrophysiological procedures for stimulation and recording of the CAP in the
peripheral sural nerves were performed as described in previous studies (Zempoalteca
et. al., 2018 and Quiroz-Gonzélez et. al., 2016). In short, both ends of each sural
nerves were drawn into suction electrodes to record and evoke CAP. Stimulating
electrode consisted of a fine silver wire inserted into a glass micropipette filled with the
bath saline solution, which was wrapped around with an isolated silver wire (except at
the tip) and connected to a pulse generator (Digitimer DS3), and recording electrodes
consisted of a pair of chlorinated silver wires. One wire was inserted in a glass
micropipette and the other was located in the bath saline solution, and both were
connected to a low-noise, high-gain differential amplifier (band pass filters 0.3—1.0 kHz;
Grass Model 7P511), to an oscilloscope (Tektronix Model TDS2024) and to a computer

for capture and analysis of potentials.

Once both extremes of the nerves segment were installed, the electrophysiological
responses of the nerve were evoked by applying single square current pulses (0.05 ms
duration). The resistance of the recording electrode (Rp) was determined by measuring
the voltage drop that occurs when a constant voltage pulse (1-2 V, 5 ms) was passed
across the stimulating electrode with the nerve inserted on it. The system was

previously calibrated.

Maximal CAP amplitude was evoked at two times the stimulus current strength needed
to evoke a barely discernible response in the nerve (threshold, xT). The CAP was
obtained by average samples a 1 Hz. CAP parameters determined were following:
Electrical threshold (T), peak-amplitude, area, half-width, initial latency (Li), peak-
latency, and the length of the nerves was measured (D). Subsequently, Nerve
Conduction Velocity (NVC) was determinate by NVC=D/ Li.

2.9 Statistical analysis
Multiple comparisons were performed among experimental groups by one-way ANOVA

analysis, followed by Dunnett’'s post hoc test. The data are expressed as means *
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standard deviation (SD) and p < 0.05 was considered statistically significant Statistical
analysis was performed using GraphPad Prism Version 6.0 (GraphPad Software Inc.,
La Jolla, CA, USA).

3. Results

3.1 Generation of DPN in DM mice model and hypoglycemiant activity of CUAQE
FBG after MLD-STZ in T1D-DPN had an accelerated increase ~2.7-fold higher
compared with CTL-NOM 20-week final time point (p<0.001). CuAgE treatment did
affect FBG with a percentage reduction of 11.9 respect T1D-DPN in 8 weeks (Figure
1). Besides T1D-DPN triggered polydipsia and polyuria (data no showed).

A 44-week HFD-DIO in T2D-DPN resulted in an increase on FBG ~1.2-fold higher with
CTL-NOM (p<0.001). CuAgE treatment reduced by half FBG in T2D/DPN-CuAgE
compared with baseline level to T2D-DPN (Figure 1). For mice that acquired T2D-DPN,
we can state that they presented the disease due to excessive consumption of calories
in the diet (data not shown) for 44 weeks during which they developed DIO-HFD as BW
and FBG increased (Figure 2).

Initial (MLD-STZ or DIO-HFD) BW were similar in all experimental groups (data no
showed). BW at the end of 8-week period after MLD-STZ administration had significant
reduction (15.3%) ending in underweight in T1D-DPN mice compared to CTL-NOM
(p<0.001). CuAgE treatment for 8 weeks did affect weight gain (5.8%) in T1D-DPN-
CuA(gE respect to T1D-DPN. Thus, preventing excessive BW loss but not a normal BW
maintenance (Figure 2).

After 36-week HFD-DIO resulted in T2D-DPN a progressive increase in BW compared
with CTL-NOM (data no showed). Similar differences between the two groups
maintained at the end of the study (44 weeks). This diet showed a two-fold gain in BW
in T2D-DPN (p<0.001), resulting in a status of Obesity Class Il (severe) in mice. An 8-
week CUuAgE treatment did affect body weights in T2D-DPN-CuUAqQE showing a 2.5%
decrease BW compared with T2D-DPN (Figure 2).
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Figure 1. Fasting Blood Glucose in DPN murine model with phyto-pharmacotherapeutic monitoring of CUAgE.
FBG (mg/dL) in C57BL/6 male mice that were treated with CUAQE. Biological evaluation for 8 weeks of CUAQE as a
treatment against T1D-DPN (left) and Biological evaluation for 8 weeks of CUAQE as a treatment against T2D-DPN (right).
Values represent means = SD of each group (n=5). Statistical analysis was performed using two-way ANOVA with Tukey's
multiple comparisons test. and ***p<0,001 vs CTL-NOM and a p<0,001 vs CTL-T1D or CTL-T2D.
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Figure 2. Body weight in DPN murine model with phyto-pharmacotherapeutic monitoring of CUAQE.

Body weight (g) in C57BL/6 male mice that were treated with CUAQE. Biological evaluation for 8 weeks of CUAQE as a
treatment against T1D-DPN (left) and Biological evaluation for 8 weeks of CUAQE as a treatment against T2D-DPN (right).
Values represent means + SD of each group (n=5). Statistical analysis was performed using two-way ANOVA with

Bonferroni multiple comparisons test. and ***p<0,001 vs CTL-NOM.
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BCS is a fast, easy and reliable method to assess the health of mice. TID-DPN mice
had a condition of 2, the others maintained the optimal condition. This is reflected in
the decrease in BSA where there are significant differences with respect to the normal
control (p< 0.001). With the CuAqE treatment, although DPN mice do not recover their
optimal BSA, the BMI and Lee index remain unchanged. This reflects the protective
impact that CUAQE can have on sudden changes in weight loss in T1D-DPN mice. In
addition, T2D-DPN mice reached the top with a value of 5 for BCS (obese) and
therefore a significant increase in BSA, BMI and Lee index respect to CTL-NOM (p<
0.001). CuAqgE treatment failed to modify the previous parameters, due to the degree

of obesity present in the mice (Table 1).

We finally succeeded in generating DM in mice via MLD-STZ or HFD-DIO leading to
persistent hyperglycemia. We then evaluated relevant traits that are generated such as
neuropathic pain, that are modified such as PAC and that are overactivated such as

aldose reductase in DPN.

3.2 Effect of CUAQE on neuropathic pain in DPN mice

Neuropathic pain is a complex, chronic pain state accompanied by tissue injury and
nerve damage. To assess allodynia as a painful response to a normally non-noxious or
innocuous stimulus in DPN mice. We decided to focus on determining allodynia
punctate (touch-triggered) by manually applying von Frey monofilaments of varying
strengths. Pain-like behaviors evoked by mechanical stimulation were obtained by two
different methods in DPN mice. Figure 3 shows details of PWT. We examined DPN
model on pain assays at 20 weeks for T1D-DPN and 44 weeks for T2D-DPN. DPN
mice displayed a decrease in mechanical PWT compared with CTL-NOM (p<0,001).

CUAQE treatment mice did display a difference in mechanical PWT, between before
and post-treatment values. CUAQE produced an increase in mechanical PWT after 8

weeks treatment.
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Table 1. Body Composition and pain parameters in DPN murine models with phyto-pharmacotherapeutic
monitoring of CUAQE. Lee index, Body surface area (BSA), Body mass index (BIM), Condition scoring (BCS),
Pain and distress assessment score and Mouse grimace scale (MGS) in C57BL/6 male mice that were treated with
CuAgE. Values represent means + SD of each group (n=5). Statistical analysis was performed using one-way
ANOVA with Bonferroni's Multiple comparisons test. *p<0,001 vs CTL-NOM. 2 p<0,001 vs T1D-DPN or T2D-DPN.

+ Data shown as median.

Body Composition parameters

Lee index BSA BMI (kg/m?) BCS* Pain and MGS
(cm?) Distress*
T1D-DPN model
CTL-NOM 0.435+0.010 98.40+1.33 4.50+0.13 3 1 1.4+0.70
CTL-CuAQgE 0.434+0.014 98.00%3.12 4.47+0.05 3 2 1.5+0.53
T1D-DPN 0.425+0.012 88.13+1.58* 4.24+0.20* 2 0 8.1+0.74*
T1D-DPN-CuAqQE 0.420+0.016 91.52+2.08* 4.32+0.14 3 1 3.5+0.53*2
T2D-DPN model

CTL-NOM 0.410+0.007 95.21+0.96 4.31+0.03 3 0 0.8+0.79
CTL-CuAQgE 0.412+0.007 96.14+1.09 4.30+0.05 3 0.5 1.0+£0.82
T2D-DPN 0.482+0.005* 152.17+1.61* 6.05+0.04* 5 2 6.4+£1.17*
T2D-DPN-CuAqE 0.476+0.009* 149.68+1.41* 5.95+0.12* 5 1 3.2+0.63*2
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Assessing Pain and Distress in Mice Value

Pain and distress assessment: Normal; well groomed; alert; active; good condition; asleep or calm; 0
normal appetite

Mild or anticipated pain and distress: Not well groomed; awkward gait; slightly hunched; looks at wound 1
or pulls away when area touched; mildly agitated

Moderate pain and distress: rough hair coat; dirty incision; squinted eyes; moves slowly; walks hunched 2

and/or slowly; depressed or moderately agitated; slight dehydration; pruritic; restless; uncomfortable; not
eating or drinking

Severe pain and distress: Very rough hair coat; eyes sunken (severe dehydration); slow to move or non- 3
responsive when coaxed; hunched; large abdominal mass; dyspnea; self-mutilating; violent reaction to
stimuli or when approached

Mouse grimace scale (MGS)

Facial features (action units): Facial expressions in mice indicating pain and/or distress include squinted eyes,
contracted skin around nose and ears pulled back. Not present=0 Moderate=1 Severe=2

Orbital tightening is narrowing of the orbital area, with a tightly closed eyelid or an eye squeeze (denoted by wrinkle
around eye).

Nose bulge is a rounded extension of skin visible on the bridge of the nose.

Cheek bulge refers to convex appearance of the cheek muscle (between eye and whiskers) from its baseline
position.

Ear position: refers to ears pulled apart and back from their baseline position or featuring vertical ridges that form
owing to tips of ears being drawn back.

Whisker change: is movement of whiskers from their baseline position either backward, against the face or forward,
as if standing on end; whiskers may also clump together piloerection.
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Figure 3. Paw Withdrawal Threshold (PWT) in DPN murine model with phyto-pharmacotherapeutic monitoring
of CuAqE.

PWT (g) during mechanical allodynia assessment with von Frey filaments in C57BL/6 male mice that were treated
with CuAgE for 8 weeks. (A) in T1D-DPN model and (B) in T2D-DPN model. Values represent means + SD of each
group (n=>5). Statistical analysis was performed using one-way ANOVA with Bonferroni's Multiple comparisons test.
**p<0,001 vs CTL-NOM. *** p<0,001 vs CTL-T1D or CTL-T2D.
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CuAgE-induced increase in mechanical PWT was not significantly greater or equal than
CTL-NOM. Alternatively, CuAgE treated mice differ in MGS scores, as they produced
MGS attenuation relative to DPN mice associated with neuropathic pain in the rodent
by up to 50% (p< 0.001) (Table 1).

3.3 Effect of CUAQE on CAP in DPN mice

We analyzed the CAP evoked in sensory SU nerves to observe the electrophysiological
effect of CUAqE in DPN model mice (Figure 4). CAP increased gradually in size
according to the intensity of the electrical stimulus applied, reaching its maximal

amplitude at two times the stimulus threshold (2T).

As illustrated in Figure 5, area CAPs evoked in diabetic SU nerves at 8 weeks in T1D-
DPN and T2D-DPN monitoring showed significant differences with respect to control
nerves. Since it is clearly observed a decrease in average area on both nerves (p<
0.001). Indicating a reduction of the gross neural response at 2x threshold levels in
C57BL/6 mice. While at CUAQE tends to increase in area in DPN mice, there are no
significant differences. Main effects of treatment on CAP duration are showed in Figure
6. In the T1D-DPN mice there were no differences, but in T2D-DPN mice showed a
significant increase respect to CTL-NOM (p< 0.001). While that CuAqE treatment did
not change CAP latency across 8 weeks. Likewise, CAP Width of DPN mice was
greater than that control mice (p< 0.001), but CUAQE treatment animals did not differ

significantly from either DPN controls or CTL-NOM (Figure 7).

Respect to NCV there are no differences in the T1D-DPN model, however in T2D-DPN
we observed a significant decrease in NCV compared with CTL-NOM (p< 0.001).
CUAQE has no positive effect (Figure 8). Regarding the stimulus threshold, the analysis
showed significant main effects of decreasing the threshold in both DPN models
compared to the CTL-NOM (p< 0.001). CuAgE treatment had a positive but non-
significant interaction in both DPN models (Figure 9).
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Figure 4. Compound Action Potentials (CAPs) recorded in SU nerves from
DPN murine model with phyto-pharmacotherapeutic monitoring. Average
recordings of CAP evoked with stimulus current pulses two times threshold applied
to SU nerves in C57BL/6 male mice that were treated with CUAQE for 8 weeks.
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Figure 5. CAP arearecorded in SU nerves of DPN murine model with phyto-
pharmacotherapeutic monitoring of CUAQE. CAP area (uV/s) determined in
C57BL/6 male mice that were treated with CUAQE for 8 weeks. Values represent
means = SD of each group (n=5). Statistical analysis was performed using one-

way ANOVA with Tukey's multiple comparisons test. ***p<0,001 vs CTL-NOM.
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Figure 6. CAP duration recorded in SU nerves of DPN murine model with
phyto-pharmacotherapeutic monitoring of CUAQE. Latency (ms) determined in
C57BL/6 male mice that were treated with CUAQE for 8 weeks. Values represent
means * SD of each group (n=5). Statistical analysis was performed using one-way
ANOVA with Tukey's multiple comparisons test. ***p<0,001 vs CTL-NOM.
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Figure 7. CAP amplitude recorded in SU nerves of DPN murine model with
phyto-pharmacotherapeutic monitoring of CuAgE. Width (uV) determined in
C57BL/6 male mice that were treated with CUAQE for 8 weeks. Values represent
means = SD of each group (n=5). Statistical analysis was performed using one-way
ANOVA with Tukey's multiple comparisons test. ***p<0,001 vs CTL-NOM. **
p<0,001 vs CTL-T1D or CTL-T2D.
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Figure 8. Nerve Conduction Velocity in SU nerves of DPN murine model with
phyto-pharmacotherapeutic monitoring of CuAgE. NVS (m/s) determined in
C57BL/6 male mice that were treated with CuAgE for 8 weeks. Values represent
means = SD of each group (n=5). Statistical analysis was performed using one-way
ANOVA with Tukey's multiple comparisons test. ***p<0,001 vs CTL-NOM.
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represent means + SD of each group (n=5). Statistical analysis was performed using
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3.4 Determination of AKR1B1 levels

Concentration of AKR1B1 as ascertain antioxidant effect was measured at end of DPN
induction period y CuAqE treatment end point. Table 2 depicts an increase in this
oxidative stress biomarker. For T1D-DPN increase was 1.9-fold in nervous tissue
(p<0,001) and without any change in plasma, compared to CTL-NOM. CuAgE
treatment significantly inhibits enzyme activity by 26.5% in T1LD-DPN-CUAqE (p<0,001)

in nervous tissue.

In the case of T2D-DPN there is an increase in both nervous tissue and plasma, 2.21
and 0.5 times respectively compared to CTL-NOM (p<0,001). CuAgE treatment has a
significant inhibitory activity on aldose reductase of more than 50% in T2D-DPN-CUAqE
both in nervous tissue and plasma (p<0,001).

4. Discussion

4.1 Generation of DPN in DM mice model

Using an MLD-STZ or HFD-DIO in C57BL/6 mice creates a higher level of FBG. T1D-
DPN or T2D-DPN were considered diabetics because hyperglycemia progressed
showed FBG exceeded 250 mg/dL after MLD-STZ (8 weeks) or DIO-HFD (44 weeks),
respectively. FBG in T1D-DPN were significantly higher compared to T2D-DPN.

We have previously demonstrated the hypoglycemic effect of CUAQE in diabetic mouse
models. Continue to observe this pharmacotherapeutic activity in this study. Thus, in

T1D-DPN-CuAgE allowing glycemic control during the treatment time with CuAqQE.

For T2D-DPN-CuUAQE indicates that good glucose metabolic control was maintained
with high efficacy and optimal hypoglycemic efficiency. This effect may be due to
phenolic compounds from plants of Asteraceae family to which Calea urticifolia
belongs. Since they have been reported to have hypoglycemic activity (Ribnicky et. al.,
2014).
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Table 2. Concentration of Aldose Reductase in DPN murine models with phyto-pharmacotherapeutic

monitoring of CuAQE. Aldo-keto reductase family 1, member B1 (aldose reductase, Akrlbl) in C57BL/6 male mice

that were treated with CUAQE. Values represent means + SD of each group (n=10). Statistical analysis was performed
using one-way ANOVA with Bonferroni's Multiple comparisons test. * p<0,001 vs CTL-NOM. @p<0,001 vs CTL-T1D or

CTL-T2D.

ALDOSE REDUCTASE (AKR1B1) NG/ML

T1D MODEL
CTL-NOM

CTL-CUAQE
T1D-DPN

T1D-DPN-CUAQE
T2D MODEL
CTL-NOM
CTL-CUAQE
T2D-DPN
T2D-DPN-CUAQE

Left nerve
213.9+ 8.1

169.7+18.4
642.1+38.5*

468.6+27.2*#
Left nerve
276.1x17.9
239.5+12.1
733.5+£30.3*
382.6+£25.9**

Right nerve
214.0+ 6.4

172.5£17.1
632.2+36.0*

464.5+23.0*#
Right nerve
273.2£17.5
241.0+13.9
877.2+72.1*
385.2+33.4*

Plasma levels
335.4+58.2

335.9+45.9
338.0+45.4

341.3+51.4
Plasma levels
376.1+36.1
377.8142.6
564.1+ 9.1*
527.9+ 8.4*
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MLD-STZ or HFD-DIO diet in C57BL/6 mice is a model to study the pathogenesis of
neuropathic changes that develop in TD1-DPN or TD2-DPN with marked
hyperglycemia, as well as others metabolic disorders (Yako et. al. 2023; Stino et. al.,
2020). Neuropathic changes are caused by hyperglycemia in both models (Obrosova
et. al., 2007; Obrosov et. al., 2017; Umbaugh et. al., 2022; Eid et. al. 2023).

As metabolic disorders (DM) and neuropathy phenotype (DPN) are mimic in these
model mice, are useful model to test efficacy of potential therapies such as to evaluate
the therapeutic effect of medicinal plants (Watcho et. al., 2011; Yang et. al., 2022;
Lucarini et. al., 2019) or drugs against DPN (Chandrasekaran et. al., 2024; Xu, et. al.,
2023).

4.2 Effect of CUAQE on neuropathic pain in DPN mice

Pain is an unpleasant sensory and emotional experience associated with actual or
potential tissue damage (IASP, 2025). In the long term, it can develop into a debilitating
condition (chronic pain) such as neuropathic pain. Despite the validity of the
anthropomorphizing of pain in mice and certainly using nociception as the ability to

detect a potentially harmful stimulus. No test can measure pain in mice directly.

Accurately and promptly assessing pain in experimental animals is extremely important
to avoid unnecessary suffering of the animals and to enhance the reproducibility of
experiments. Care in the research facility and ensuring the psychological well-being of
research mice is an integral part. Because mice have many behavioral needs that if not

met can negatively impact their behavior, physical health, and usefulness for research.

A mouse behavior management plan was implemented through monitoring of mice
based on the Guide for the Care and Use of Laboratory Animals (Bloomsmith et. al.,
2018). With CuAqE treatment, however, pain thresholds are significantly reduced,
according to MGS. It is therefore tempting to speculate that the reduction in facial

expression of pain reflects an effect of this medicinal plant on neuropathic pain.
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In these experiments to generate DPN and thus neuropathic pain, C57BL/6 mouse
strain was used. It has been reported that baseline MGS scores may differ between
strains and thus show different pain sensitivities in behavioral assays due to differences
in nociceptor expression. In support of this, male C57BL/6 mice have been found to
have significantly lower baseline MGS scores than C3H or CD-1 mice from an animal
welfare perspective. This is important when evaluating medicinal plants in DPN models
(Onuma, et. al., 2024).

Additionally, we used emotional experience in male C57BL/6 mice presumed
unpleasant neuropathic pain with two indirect methods to quantify and assess pain-like
behaviors such as hind paw withdrawal from a stimulus. Furthermore, the mice took up
to 30-45 minutes to acclimatize to the cage before the test was performed (data not
shown). We thought this was due to the stress of daily administration of the treatments.
However, it has been reported that mice can take up to an hour or more to acclimatize
(Deuis & Vetter, 2017).

In the present study, CUAQE produced an increase in the mechanical allodynia induced
on DPN mice. Even so, we propose one approach to evaluate circadian variations in
biologic functions such as gene expression and protein synthesis in diabetic mice with
the purpose of effects of pharmacotherapy with CuAQE effective and tolerance. The
expression and function of some types of proteins that regulate susceptibility to drugs
and their pharmacokinetics were previously reported to change in a circadian time-

dependent manner (Akamine, et. al., 2015).

The intensity of pain in diabetic neuropathy varies in a circadian time-dependent
manner. It is well there are differences in circadian properties of pain hypersensitivity
in T1D-DPN and T2D-DPN mice. Polyol pathway-induced accumulation of sorbitol in
the sciatic nerve modulates circadian properties of diabetes-induced neuropathic pain
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hypersensitivity in diabetic mice. In T2D-DPN this accumulation has significant diurnal

oscillation (Akamine, et. al., 2018).

CuAQE could be used for the prevention of DPN, since the medicinal plant inhibits
aldose reductase activity and suppresses sorbitol synthesis via the polyol pathway. As
observed, CUAQE prevented a drastic decrease in PWT in diabetic mice and reduced
aldose reductase activity and therefore accumulation of sorbitol in peripheral nerve
cells.

4.3 Effect of CUAQE on CAP in DPN mice

In order to analyze the effect of CUAQE in to generate and propagate action potentials
in isolated nerves of diabetic mice. We analyzed electrophysiological parameters of
CAP responses evoked in the in vitro sural nerve preparation. We found an important
reduction in area both models and only increased duration T2D-DPN model of SU

nerve-CAP compared with that recorded in control nerves.

These results confirm development of DNP in both diabetic mouse models therefore
disrupt myelination and consequently were apparent electrophysiological
characteristics altered of mice sensory SU nerve. In summary, the electrophysiological
characteristics of the CAP (area, duration, width, threshold and NCV) are modified in
both DPN models compared to the control. CUAQE tries to correct these alterations,
perhaps due to the severe neuropathic damage as a consequence of the prolonged

progression time of the DPN, but it does not manage to do so within the treatment time.

Especially because of developmental time of DM during which cellular mechanisms
that underlie such alterations are likely to operate. According to the later, we assume
that alterations observed in T1D-DPN model mice of the CAPs recorded in the sural
nerves of diabetic mice at 8 weeks after STZ injection days are mainly due to
hyperglycemia instead of a neurotoxic effect of STZ (Quiroz-Gonzalez, et. al., 2016).
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Evoked CAPs in this assay are associated with activation of large-diameter, highly-
myelinated, and fast-conducting primary somatosensory neurons. Known as A low-
threshold mechanoreceptors (AB-LTMRs), which normally mediate tactile,
discriminative touch, and vibration sensation (Gautam, et. al., 2024). Mediate
mechanical hyperalgesia of DPN. CAPs are all-or-nothing events, thus a decrease in
the AUC of a CAP evoked by a single electrical pulse represents a decrease in the

number of axons conducting a CAP (Nair, et. al., 2023).

However, CUAQE was unable to fully modulate the electrophysiological parameters of
PAC, so it is necessary to venture to further explore the effect of this medicinal plant
on DPN as a strategy aimed at preventing the progression of DSPN. CuAqE was shown
to be a metabolic regulator of FBG in DM, which is one of the targets in holistic
management of DPN. There are very few investigations focused on studying the effect
of medicinal plants on CAP (Leal-Cardoso et. al., 2004) and study of CAP in DPN since
research regularly focuses on electrophysiological evidence of sensory and motor
nerve dysfunction (O'Brien et. al., 2014).

Nevertheless, there is evidence suggesting differences in the generation of DPN by
T1D and T2D in the inhibition of downstream signaling pathways, biomarker gene
expression and degree of deterioration and density of nerve fibers (Sloan & Tesfaye,
2021). Therefore, it is necessary to continue evaluating CuAgE with this work

perspective.

4.3 Effect of CUAQE in aldose reductase concentrations on DPN mice

Reported that more and more people support the use of medicinal plant therapy and
transition from synthetic drugs to herbal therapies for DPN (Arora et. al., 2021; Tiwari
et. al., 2019 and Bilal et. al., 2018). Based on the high compliance of patients towards
herbal medicines and the promising efficacy shown by natural antioxidants in the
management of DPN (Borgonetti & Galeotti, 2023). In the present work, we investigated

capability of CUAQE, at antioxidant dose, to modulate aldose reductase activity in DPN
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mice. Agreeing that it has an important inhibitory activity in this key enzyme for the
pathophysiology of DNP (Gupta et. al., 2024 and Thakur et. al., 2021).

Otherwise, DPN is well known as one of the severe complications of DM. The
development of DPN partially attributes to hyperglycemia and accumulation of sorbitol
in neuronal cells due to aldose reductase which is a part of the polyol pathway. Because
inhibition of sorbitol dehydrogenase leads to development of the neuropathy in
diabetes, aldose reductase is believed as one of the main factors to induce diabetic
neuropathy (Gumede et.al., 2022 and Sato, et. al., 2015).

Polyol pathway is one of the more promising targets for diabetic neuropathy, particularly
through aldose reductase inhibitor drugs. In our DNP model there was an increase in
aldose reductase levels in SU nerve which shows hyperglycemia-induced oxidative
stress contributed to DPN pathogenesis. CUAQE was shown to be an aldose reductase
inhibitor as it prevents its activation through its antioxidant capacity, indicating that
CuA(gE could reduce the diabetes-induced oxidative stress and contribute in functional,

biochemical and structural recovery of peripheral nerves.

Moreover, inhibition of aldose reductase in T1D mice for inhibitor drug like as
Fidarestat, reduced oxidative stress in peripheral nerves and markedly protected mice
from diabetes-induced functional deficits (Ho, et. al., 2006). CuAQE could be a potential
phytomedicine that inhibits aldose reductase, but its effect in in vitro models and its

possible mechanism of action in DPN remain to be explored.

4.4 Final considerations of effect CUAQE in DPN mice

DPN is usually difficult to treat because etiology is heterogeneous and the underlying
pathophysiology is complex. Recently, various medicinal plants have been reported
effective for the management of DPN as an alternative therapy (Borgonetti & Galeotti,
2023; Lee et. al., 2022; Singh, et. al., 2017; Garg & Adams, et. al., 2012). Most of the
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naturally occurring secondary metabolites such as flavonoids, terpenoids, alkaloids

bear complicated architectural skeletons and often exhibit diverse biological activities.

These secondary metabolites through their antioxidant potential, which helps in the
modulation of DPN (Singh, et. al., 2017). Antioxidant compounds have been reported
for CUAQE so it could have potential as an alternative medicine in DPN by modulating
the oxidative stress and inflammatory cytokine (Torres, et. al., 2016). Besides for
Mexican medicinal plants of the same family, hypoglycemic and antinociceptive effects

have been reported (Raafat et. al., 2016).

However, there are evaluations with different perspectives to evaluate medicinal plants
with an alternative therapy approach for DPN but they are more directed towards
histological or molecular studies (pathophysiology) via Targeting of molecular
mechanisms triggering DPN (Ebrahimi et. al., 2019). Mainly in Polyol pathway looking
for agonists of aldose reductase by molecular docking (Chavhan et. al., 2025; Gakpey
et. al., 2025; Kausar et. al., 2025). Therefore, CUAQE can be explored as a potential
aldose reductase inhibitor for pharmacological intervention and management of various
neuropathies. Some other research focuses on the management of non-diabetic
neuropathy such as chemotherapy-induced neuropathy with medicinal plants (Santos
et. al., 2022; Lee et. al., 2021, Liu et. al., 2019; Oveissi et. al., 2019; Wu et. al., 2019;
Schloss et. al., 2017).

In parallel, the effect of CUAQE on foot baths can be evaluated in patients with DPN
and glycemic management in a controlled trial (Huang et. al., 2024; Fan et. al., 2018)
or oral administration (Meizhen et. al., 2023; Zhang et. al., 2020; Zhang et. al., 2019;
Jin et. al., 2017) to provide an evidence-based complementary therapeutic approach
for treatment of DPN. Further research on the plant's effect in DPN is needed to choose
useful alternatives that can shed information in a beneficial direction, given that the

molecular and action mechanisms by which CuUAqE may intervene in the improvement
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of DPN are not yet understood as well as the plants of traditional Chinese medicine
(Chen et. al., 2013; Chen & Liu et. al., 2011).

5. Conclusions

In conclusion, present findings showed efficacy of CuAgE in attenuating DNP
symptoms without inducing impairment in health and welfare of experimental animals.
This activity was produced at dose of 11mg/kg and appears to be related to the
capability of extract and of its main constituent’s phenolic compounds may be due to
the combination of antioxidant, anti-inflammatory and neuroprotective effects by
modulating oxidative and pro-inflammatory responses, might CuAqE represent

interesting candidate for DNP management.
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7. CONCLUSIONES GENERALES

Finalmente, proporcionamos directrices para el disefio experimental de DM en ratones
para la evaluacion de plantas medicinales como lo fue con Calea urticifolia, las cuales
pueden servir como herramientas para investigar la influencia farmacologica en el
metabolismo de la glucosa cuando se administran concomitantemente plantas

medicinales y farmacos convencionales.

El uso de medicamentos herbales (solos o en combinacibn con medicamentos
alopéticos) para tratar los sintomas de la diabetes es comun en México. Actualmente,
existen al menos 800 plantas mexicanas que se utilizan para tratar la diabetes.
Desafortunadamente, solo unas pocas de estas especies han sido analizadas para

confirmar su eficacia como agentes antidiabéticos.

En esta investigacion, Calea urticifolia demostré la capacidad de reducir la glucosa en
sangre en ratones diabéticos machos C57BL/6, con lo cual se valida su actividad como
un agente fitoterapéutico hipoglucemiante. Ademas, para el tratamiento de la DM, se
necesitan nuevos agentes hipoglucemiantes o combinaciones de farmacos con
fitoquimicos y/o preparados herbarios con eficacia terapéutica y menos efectos
secundarios. En este estudio, nos centramos en las interacciones de la combinacion
de Calea urticifolia con OAD; aun asi, es necesario profundizar en los procesos de
ADME.

En comparacién con los efectos farmacolégicos observados con los OAD’s, se
obtienen mejores resultados con OAD’s/CuUAgE debido a la presencia de diversos
compuestos bioactivos de la planta que pueden actuar en sinergia, actuando sobre las
mismas o diferentes vias para reducir la glucosa que los OAD’s. Posteriormente, se
demostré la eficacia de Calea urticifolia para atenuar los sintomas de DNP sin afectar

la salud ni el bienestar de los animales de experimentacion.
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Ambos efectos, hipoglucemiante y neuroprotector se produjeron con una dosis de 11
mg/kg y parece estar relacionada con la capacidad del extracto y de los compuestos
fendlicos, los cuales son su principal componente. Esto podria deberse a la
combinacion de efectos antioxidantes, antiinflamatorios y neuroprotectores al modular

las respuestas oxidativas y proinflamatorias.

Considerando que la DM es una enfermedad crénica multifactorial, se necesita mas
investigacion para comprender mejor el posible mecanismo de la accion
hipoglucemiante de esta planta, explorando el efecto de CuAqE en la produccion
hepatica de glucosa, la absorcién intestinal de glucosa y la captacién periférica de

glucosa en el tejido muscular y adiposo.

En concreto, los hallazgos experimentales obtenidos proporcionan un enfoque
terapéutico complementario basado en la evidencia para el tratamiento de la DM y de

su complicacion microvascular mas comun que es la DPN.
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