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Objective: This study is aimed to determine the metabolomic effects of the hybrid medicine formula Yi-Qi-Bu-Shen (YQBS) on the
neurotransmitter aspects of cognitive impairment in diabetic rats.

Methods: In the current study, streptozotocin (STZ) was used to induce diabetic animal model in male Sprague Dawley (SD) rats.
After successful establishment of diabetic SD rats’ model, age-matched healthy SD rats and diabetic SD rats were treated with low and
high doses of YQBS, and then tested for learning memory ability and analyzed for pathological changes. In addition, neurotransmitter
metabolic changes in hippocampal subdivisions of rats from different treated groups were analyzed using liquid chromatography-mass
spectrometry (LC-MS) technique.

Results: YQBS could significantly improve memory-cognitive impairment in diabetic rats as evidenced by the shortening of latency
to target and the reduction of latency first entrance to target. Moreover, YQBS also improved the pathological alterations in the
hippocampal region in the brains of diabetic rats. Metabolomic analysis showed that the expression of noradrenaline hydrochloride
was down-regulated and the expressions of levodopa and 5-hydroxytryptophan were up-regulated in the hippocampal tissues of
diabetic rats treated with YQBS.

Conclusion: These findings demonstrate that YQBS has protective effects against diabetic cognitive dysfunction, which might act
through alteration in tyrosine and tryptophan metabolism.
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Introduction

Improved health conditions, medical advances, and social development have made chronic non-communicable diseases,
one of the major disease problems nowadays. Diabetes, a chronic metabolic disease, has long been a hot issue of concern
worldwide as it inflicts a large population and manifests extensive systemic complications. The number of people with
diabetes has increased from 151 million in 2000 to 537 million in 2021 and is expected to grow to 783 million by 2045."
As a systemic disease, the complications associated with diabetes cover a wide range of systems, including circulatory,
urinary, and neurological. A growing number of clinical studies have shown a strong link between diabetes and cognitive
dysfunction.” ® The cognitive impairment that accompanies diabetes often manifests as asymptomatic preclinical, mild
cognitive dysfunction and prevalence of dementia stages.” Patients either have pathological, structural, and functional
changes in the brain without an objective neuropsychological assessment of abnormalities or exhibit cognitive impair-
ment that severely affects their daily work and life. Therefore, it is essential to search for effective drugs that can treat
this disease.
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Traditional Chinese medicine (TCM) has a unique theory of disease understanding. According to TCM, diabetic
cognitive dysfunction is a combination of consumptive thirst and dementia. Although the affected area of the disease is in
the brain, pathogenesis lies in kidney deficiency, resulting in blood and fluid disorders. The resulting turbid phlegm and
static blood are both pathological products and pathological factors. The hybrid medicine formula YQBS is composed of
Astragali Radix, Rehmanniae Radix Praeparata, Polygonati Rhizoma, Lycii Fructus, Epimedii Folium, Puerariaec Lobatae
Radix, Chuanxiong Rhizoma, Atractylodis Rhizoma, and Coptidis Rhizoma, which are mainly used to invigorate the
kidney and also to activate blood circulation and eliminate phlegm.® Previous limited evidence has suggested the
potential therapeutic effect of YQBS on patients with diabetic cognitive dysfunction by lowering their blood glucose
and improving their memory, by protecting hippocampal neuronal cells from damage, and by a protective effect on the
electrophysiological function of the brain in diabetic rats.* Herein we performed comprehensive analyses to determine
the protective effects of YQBS on cognitive dysfunction under diabetic condition and also elucidated the underlying
mechanism through characterizing the metabolic neurotransmitters in the hippocampus.

Materials and Methods

Animals

Forty male Sprague Dawley (SD) healthy rats (8 weeks old) were purchased from SiPeiFu (Beijing) Biotechnology Co.,
Ltd. All rats were kept at SPF grade in the Experimental Animal Center of Qilu Hospital, Shandong University, with free
access to animal maintenance chow and sterile water. The rats were housed under the following environmental
conditions: alternating 12h/12h light and dark time, 224+2°C, and 30~40% humidity. All animal experimental protocols
were performed in accordance with the guidelines for experimental animal husbandry management and approved by the
Experimental Animal Welfare Ethics Committee of Qilu Hospital, Shandong University.

Preparation of Extracts of YQBS

The composition of YQBS extract is identical with the previous study, which is composed of nine crude drug materials,
including Astragalus membranaceus (Fisch.) Bge. var. mongholicus (Bge.) Hsiao (15 g), Rehmannia glutinosa Libosch
(12 g), Polygonatum sibiricum Red (10 g), Ligusticum chuanxiong Hort (6 g), Lycium barbarum L (6 g), Epimedium
brevicornum Maxim (9 g), Atractylodes lancea (Thunb.) DC (3 g), Pueraria lobata (Willd.) Ohwi (12 g), Coptis chinensis
Franch (3 g).® All nine Chinese herbs in YQBS were provided by Shandong Bokang Traditional Chinese Medicine Co.
Ltd. (Qingzhou, China). The above nine crude drugs were decocted and made into powder followed by adding 20 times
the amount of water to decoct and concentrate all the drugs 3 times, 2 h each time. Next, the nine drugs-soup was
concentrated to a thick paste, and then put into a vacuum drying box with a constant temperature of 80°C for drying and
pulverizing. After it is cooled down and then moved into a refrigerator at 4°C for storage. Each gram of YQBS dry
powder is equivalent to 2.88g of the original medicinal material. The dried powder can be dissolved in sterile water for
experiment according to the required dosage whenever it is needed.

Grouping and Management

Diabetes is induced by STZ, a glucosamine—nitrosourea compound derived from Streptomyces achromogenes, and has
best been demonstrated in mouse and rat models.*'*'" In the present study, 8-weeks-old male SD rats injected
intraperitoneally with 1% STZ (55 mg/kg) solution after fasting 12 h from water were used to induce diabetic model.
Same-gender age-matched SD rats injected with sodium citrate buffer, which was used to dilute STZ, were used as
negative control (NC). Eight rats in each experimental group. One week after induction with STZ, the blood glucose of
the tail vein from the induced rats was measured. Rats with blood glucose >16.7 mmol/L were regarded as successful
diabetes models, according to a previous study.® Afterwards, the identified diabetic rats (DM) were orally administered
with low dose YQBS at 200 mg/kg/day (L) or high dose YQBS at 800 mg/kg/day (H) for 8 weeks according to the
working dose of YQBS (600 mg/kg) in previous diabetic rat model,® and the DM rats gavaged with sterile water were
used as control. Body weight and blood glucose were measured in each group every 2 weeks after successful modeling.
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Morris Water Maze Test

The learning and memory abilities of rats in NC, DM, L, and H groups were assessed by the Morris water maze (MWM)
experiment after 8 weeks of gavage. According to the literature,'> ' briefly, the water maze consisted of a black circular pool with
inner walls (diameter 160 cm, height 50 cm), a transparent circular (invisible) platform (diameter 12 cm, height 20 cm), a camera,
and a fully automatic analysis system. The water temperature in the pool was 21+2°C, and the water surface was 1~2 cm above the
platform. The pool was artificially divided into four quadrants, and the transparent circular platform was fixed and located in the
center of the southwest quadrant (Figure 1a). A block session consisted of four experiments was conducted daily. The rats were
placed in the water facing the wall of the pool at four different starting points: north, east, southeast, and northwest, and allowed to
swim and find the invisible platform in the water within 60-seconds (s). If the rats failed to find the platform and boarded the
platform to stay within the 60s, they were artificially guided to the platform and stayed in the platform for 15s. After 4 consecutive
days, the transparent platform was removed from the pool and a visible platform was plated in another position of the pool, the rats
were placed in the water in the northeast quadrant at the farthest distance from the platform, and their swimming trajectory was
tracked within 60s. The latency time is from the first entrance to the visible platform, and the platform crossings were recorded.

Pathological Observation of Hippocampal Tissue in the Brain

The pathology of the hippocampal tissues of each group of rats is analyzed using hematoxylin—eosin (H&E)
staining. After the MWM test, the rats were sacrificed and the brains were collected, and then the right-half brain
was fixed in 4% paraformaldehyde fixation. After rinsing, dewaxing, and embedding, the brain tissues were cut
into 5 um sections, and then H&E staining was performed to observe the histopathological changes.

Sample Preparation for the Metabolomics Analysis Using Liquid
Chromatography-Mass Spectrometry (LC-MYS)

After the MWM test, the hippocampal tissues on the left side of the brain were removed from the rats on ice and then frozen in
a —80°C refrigerator for LC-MS analysis after brain severance. 600 uL solution of 10% formic acid methanol solution-water
(1:1, V/V) was added to the sample, followed by adding two steel beads. The samples were vortexed and shaken for 30s, and
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Figure | Learning cognitive test in YQBS treated or untreated STZ-induced diabetic rats using MWM. (a) Schematic diagram of water maze quadrant division. (b) Results of
the latency period of evasion in each group of rats. (c) Trajectory diagram of each group of rats. (d and e) are results of the first crossing time and the number of the crossing
time of the platform in each group of rats, respectively. n= 8per group. Data are mean * SE; *Represents the comparison between YQBS group and DM group. **Represents
the comparison between DM group and NC group. * p< 0.05, ** p< 0.01.
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then transferred into a tissue grinder at S5Hz for 60s. After centrifugation at 12,000 rpm for 5 min at 4°C, 100 pL of the
supernatant was collected and mixed with 100 pL. of a double isotope internal standard at a concentration of 10 ppb, and then
vortexed and shaken for 30s, followed by filtration through a 0.22 um membrane. This filtrate was used as a sample for low
concentration substance detection. 10 pL of the original supernatant was mixed with 690 uL 10% formic acid-methanol-water
(1:1, V/V) solution and vortex shaken for 30s. After vortex shaking, 100 uL of the diluted sample was further mixed with
100uL of double isotope internal standard at 10 ppb, and vortex shaken for 30s. The resultant supernatant was filtered through
a 0.22 um membrane; this filtrate was used as a sample for high concentration substance detection.

Instrument Conditions for the LC-MS Analysis

A ZORBAX Eclipse XDB-C18 column (4.6x150mm, Agilent, USA) was used with an injection volume of Sul and
a column temperature of 40°C. The mobile phases were A-10% methanolic water (containing 0.1% formic acid) and
B-50% methanolic water (containing 0.1% formic acid). The gradient elution conditions were 0~6.5 min, 10%~30% B;
6.5~7 min, 30~100% B; 7~18 min, 100% B; 18~18.5 min, 100~10% B; 18.5~21 min, 10% B; 0~8 min, flow rate 0.3 mL/
min; and 8.5~21 min, flow rate 0.4 mL/min. Electrospray ionization (ESI) source was operated in positive ion mode. The
ion source temperature was 500°C, the ion source voltage was 5500 V, the collision gas was 6 psi, air curtain gas was 30
psi, and both the nebulizing gas and auxiliary gas were 50 psi. Scanning was performed using multiple reaction
monitoring (MRM).

Methodological Validation of the LC-MS Analysis

For each neurotransmitter, the linearity test of the standard curve was in the form of y=ax+b, with the correlation
coefficient of r > 0.99; the linearity of the standard curves was within a good linear range. The range of intra-batch
precision of neurotransmitters was 1.98%~9.65%, the range of inter-batch precision was 3.22%~13.44%, and the range of
total precision was 1.41%~14.75%, which are all less than 15%. The range of stability was 86.81%~115.68%, indicating
that storage and handling do not affect the measurable concentration of neurotransmitters. The matrix effect for
neurotransmitters ranged from 90% to 114%, and the recovery ranged from 86% to 112%. These results indicate that
all of the above meet the relevant requirements for the determination of biological samples.

Statistical Analysis

SPSS 26.0 software was applied for statistical analysis of the data. If the data met normal distribution and the variances
were equal, one-way ANOVA was used for comparison among the four groups; Least Significant Difference (LSD) was
used for multiple comparisons. For quantitative data, with non-normal distribution, Kruskal Wallis rank sum test was
used for comparison among the four groups; Bonferroni method was used for multiple comparisons. For comparison of
multiple groups at multiple time points, repeated measures ANOVA was used for comparison, and if the data met the
Mauchly test, Sphericity Assumed was used for statistical analysis; if the data did not meet the Mauchly test,
Roy’s Largest Root was used for statistical analysis; and for comparison between different groups at the same time
point, LSD was used for two-way comparisons. All tests were performed using two-sided tests, and statistical results
were presented as mean (Mean) + standard deviation (SD). Differences were considered statistically significant when
p < 0.05.

Results
YQBS Increased the Body Weight and Decreased the Blood Glucose Level in
STZ-Induced DM Rats

As described above, the rats with blood glucose >16.7 mmol/L were regarded as successful diabetes models. Afterwards,
the identified diabetic rats (DM) were fed with low dose YQBS at 200 mg/kg/day (L) or high dose YQBS at 800 mg/kg/
day (H), according to the working dose in the previous study,® for 8 weeks. DM rats fed with sterile water were used as
control. Compared with NC group rats, DM group rats were observed to increase in water consumption, food intake and
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urine output as well as loose stools, dull fur, and delayed response. In L- and H-does YQBS treated group rats, the same
symptoms presented in the DM group were relieved after treatment (observation data not shown).

In addition to observations, the body weight and blood glucose levels of different groups of rats were monitored for 8
weeks from STZ induction. From Figure 2a, it was found that the body weight of rats was no significant difference in
each group before STZ induction, while it dramatically decreased after STZ induction compared with NC group. After
treatment with YQBS, the body weight increased significantly in both L and H groups compared with control DM group.
From Figure 2b, we could see that the blood glucose of rats in DM, H, and L groups was greater than 16.7 mmol/L after
STZ induction in comparison with lower than 10 mmol/L in NC group, indicating that the diabetes mellitus model was
established successfully in SD rats. After treatment with L- or H-does YQBS, the blood glucose of rats was significantly
decreased compared with that in the control DM group.

YQBS Protected the Learning Cognitive Impairment in STZ-Induced DM Rats

To evaluate the protective effect of YQBS on learning cognitive impairment in diabetic rats, the Morris water maze
(MWM) test (Figure la) was applied to measure the learning and memory abilities of rats from NC, DM, L, and
H groups. The results of the 4-day localized navigation experiment showed that the latency of the rats in the DM group
was significantly longer than that in the NC group, indicating that the rats in the DM group showed a decrease in learning
cognitive ability. In contrast, the L and H groups alleviated the decline in learning cognitive ability after treatment with
YQBS, although it did not reach the normal level in the NC group (Figure 1b). The trajectories of the rats in each group
in the MWM are shown in Figure 1c. The results of the spatial exploration performed on the end day of the experiment
showed that the rats in NC group took the minimum time, while the rats in DM group took the maximum time to enter
the target for the first time, and the rats in L and H groups took significantly less time to enter the target compared with
DM group (Figure 1d). The times that rats crossed the platform in four groups were no significant differences (Figure 1e).

Pathological Effects of YQBS on Hippocampal Tissue in STZ-Induced DM Rats

Since YQBS showed protective effects on the learning cognitive impairment, which reflects the brain function, in STZ-
induced DM rats, we next investigated the effects of YQBS on the histology of brain in diabetic rats. Through H&E
staining of the hippocampus of the brain tissues, we could see that the neuronal cells in the hippocampal tissue of NC
group rats were integrated, including exhibiting dense/full morphology, compact and even arrangement, greater number
of cells, in comparison, the neuronal cells in DM group were disordered and scattered as well as with fewer cells and
abnormal morphology (indicated by the red arrow) (Figure 3). After treatment with L- or H-dose YQBS, the neuronal
cells in the hippocampus became more numerous, more closely arranged, and the morphology look more normal than
those in the DM group (Figure 3).
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Figure 2 The body weight and blood glucose in YQBS treated or untreated STZ-induced diabetic rats. 1% STZ (55mg/kg) solution were used to induce rat diabetic model.
Age-matched no injection rats were used as negative control (NC). One week after the induction, the identified diabetic rats (DM) were fed with low dose YQBS at 200mg/
kg/day (L) or high does YQBS at 800mg/kg/day (H) for 8 weeks. Sterile water were used as control. (a) Body weight analysis in four different rat groups. (b) Blood glucose
measurement in each group. n= 8per group. Data are mean + SE; *Represents the comparison between YQBS group and DM group. **Represents the comparison between
DM group and NC group. * p< 0.05, ** p< 0.01.
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Figure 3 Pathology analysis of the hippocampal tissues in YQBS treated or untreated STZ-induced diabetic rats using H&E staining. The red arrowed indicated the
discorded neuronal cells. Scar bar=50pm.

Comparison of the Metabolomics Analysis of Hippocampus in Different Groups

We next did a metabolomics analysis of hippocampus from different groups. Figure 4 shows the metabolomic
analysis in NC group and DM group. The Principal Component Analysis (PCA) score plots in Figure 4a shows
a clear separation trend between the hippocampal tissues of rats in the NC and DM groups with R2X (cum) =
0.642. Further Partial Least-Squares Discriminant Analysis (PLS-DA) and Orthogonal PLS-DA (OPLS-DA) were
also performed, and the separation trend of the two groups was evidenced by the score plots in Figure 4b and d,
with the main parameters for PLS-DA being R2Y (cum) = 0.692 and Q2 (cum) = 0.498, and OPLS-DA were R2Y
(cum) = 0.692 and Q2 (cum) = 0.468, respectively. The intersection of the regression line of Q2 points with the
vertical coordinates in the substitution test plots of Figure 4c and e was less than 0, suggesting good reliability
and no overfitting of the analysis. This analysis indicated that the metabolic profile of hippocampal tissues of rats
in the model group induced by STZ has been changed compared with NC group and further confirmed the

modeling was successful.
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Figure 4 Metabolomics analysis of hippocampus in NC group and DM group using LC-MS. (a) is the PCA score plot. (b and c) are the PLS-DA score plot with replacement
test between DM and NC group. (d and e) are the OPLS-DA score plot with replacement test between DM and NC group. Red circles represent the NC group and blue
squares represent the DM group. n = 8 per group.
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Figure 5 is the metabolomics analysis of hippocampus in L group and DM group. The PCA score plots in Figure 5a
shows a clear trend of separation between the hippocampal tissues of rats in the L and DM groups, with R2X (cum) =
0.598. PLS-DA and OPLS-DA were also further performed, and the separation of the two groups was evidenced by the
score plots in Figure 5b and d, with the main parameters for PLS-DA being R2Y (cum) = 0.847 and Q2 (cum) = 0.642
and OPLS-DA were R2Y (cum) = 0.896 and Q2 (cum) = 0.708, respectively. The intersection of the regression line of Q2
points with the vertical coordinates in the substitution test plots of Figure 5S¢ and e was less than 0, suggesting good
reliability and no overfitting of the analysis. This analysis indicated that the low-dose YQBS has a moderating effect on
neurotransmitters in the hippocampal tissue of diabetic rats.

A metabolomics analysis of hippocampus between H and DM groups is shown in Figure 6. Similarly, with the
difference between L and DM groups, the PCA score plots in Figure 6a show a clear trend of separation between
the hippocampal tissue of rats in the H and DM groups as well, with R2X (cum) = 0.612. Further PLS-DA and
OPLS-DA analysis in Figure 6b and d showed that the two groups were clearly separated differently, with the
main parameters for PLS-DA being R2Y (cum) = 0.848 and Q2 (cum) = 0.454, OPLS-DA were R2Y (cum) =
0.932 and Q2 (cum) = 0.746, respectively. The intersection of the regression line of Q2 points with the vertical
coordinates in the substitution test plots of Figure 6¢c and e was less than 0, indicating the analysis with good
reliability and no overfitting. These data indicates that the high-dose of YQBS also has a modulating effect on
neurotransmitters in the hippocampal tissue of diabetic rats.

Univariate Analysis

The different expression profile of the neurotransmitter among the H, L, and DM groups was further analyzed using
univariate analysis. In comparison with DM group, the expression of levodopa (DOPA) and 5-hydroxytryptophan
(5-HTP) was upregulated, and the expression of noradrenaline hydrochloride (NE) was downregulated in the hippo-
campal tissues of H group; while in L group, the expression of DOPA was up-regulated and NE was down-regulated, and
5-HTP was no change (Table 1).
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Figure 5 Metabolomics analysis of hippocampus in L group and DM group using LC-MS. (a) is the PCA score plot. (b and c) are the PLS-DA score plot with replacement
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square is the DM group. n = 8 per group.
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Figure 6 Metabolomics analysis of hippocampus in H group and DM group using LC-MS. (a) is the PCA score plot. (b and c) are the PLS-DA score plot with replacement
test between group H and DM. (d and e) are the OPLS-DA score plot with replacement test between group H and DM. n = 8 per group.

Pathway Analysis
In order to reflect the potential mechanism of the differential metabolites between the DM group and the YQBS treatment
group more visually, the pathway analysis was performed using MetaboAnalyst (https://www.metaboanalyst.ca/) to

screen the metabolic pathways involved with differential associated neurotransmitters. The results showed that, compared
with the DM group, the more associated metabolic pathways in the rats treated with YQBS were mainly Tyrosine
metabolism and Tryptophan metabolism (Table 2).

Table | Comparison of Neurotransmitter Expression in Hippocampal Tissues Between L- or
H-YQBS Treated Group and DM Group

Neurotransmitters Group H vs Group DM Group L vs Group DM
Log, (FC) | P FDR Log, (FC) | P FDR
GABA 0.028 0.104 0.184 —0.080 0.372 0.585
HisA 0.128 0.341 0.426 —0.005 0916 0916
Ach —0.281 0.875 0.875 —0.086 0.495 0.585
Gln —0.016 0.104 0.184 —0.097 0.156 0.502
Glu —0.137 0.083 0.184 —0.266 0.270 0.502
His —0.086 0.270 0.368 —0.202 0.713 0.773
TrpA —0.915 0.170 0.254 —0.759 0.237 0.502
NE —1.418 0.001 0.010 —0.953 0.014 0.059
E 0.309 0.040 0.121 0.047 0.494 0.585
KynA 1.221 0.399 0.460 —0.687 0419 0.585
5-HIAA 0.005 0.822 0.875
DOPA 2.523 0.001 0.010 1.690 0.001 0.009
Trp —0.084 0.637 0.734 —0.121 0.372 0.372
VMA 2.197 0.110 0.184 1.323 0.225 0.502
5-HTP 3.000 0.009 0.034
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Table 2 Associated Metabolic Pathways in Hippocampal Tissues in DM Group
and YQBS Treated Groups

No Pathway Name P -log (P) Impact
| Tyrosine metabolism 0.00223 26517 0.19957
2 Tryptophan metabolism 0.079367 1.1004 0.13094

Discussion
STZ is widely used in animal experiments as a chemical agent that can induce changes in the structure and function of
animal models of diabetes similar to those observed in human diabetes.'® In STZ-induced animal models, cognitive
impairment is also frequently observed,'' and structural and functional alterations are often observed in the hippocampus,
which is a key area for memory and learning in the cerebral cortex.'> '® Neurotransmitters play an important role as
endogenous chemicals that transmit excitation or inhibition between neurons, which can modulate learning and memory;
therefore, neurotransmitters in the brain are often disrupted when cognitive impairment occurs in animal models of
diabetes.'*°

Herbal formulas often lead to miraculous effects on the treatment of diseases because of the complicated interactions
between the molecules. Current treatment for diabetic cognitive dysfunction is mostly based on glucose regulation
accompanied by additional drugs, such as cholinesterase inhibitors and N-methyl-D-aspartate antagonists.* However, it is
noted that these drugs have no effect on mild neurocognitive impairment,* one of the scopes of cognitive impairment in
diabetes.” Therefore, hybrid medicine formula might play an integral role in treating the diseases.”’ > YQBS exhibits
a variety of biological effects.®***” Especially Astragali, the main component of the YQBS, showed anti-oxidation and

anti-diabetic effects,?®>°

such as Astragalus polysaccharide ameliorated hyperglycemia, improved insulin resistance and
sensitivity, increased the glucose uptake level et al*' > Consistently, in the current study, YQBS was shown to increase
the body weight and decrease the blood glucose in the diabetic rats compared with the control group. The MWM results
showed that YQBS improved the cognitive memory level of diabetic rats, which was further confirmed by the
pathological analysis. Besides Astragali, other contents of YQBS, such as Barbary Wolfberry Fruit, Pueraria, Coptis
Root and their bioactive ingredients also contributed to decreasing insulin resistance and protecting against neuronal
injury.>*** Therefore, the anti-diabetic effect of YQBS might be due to the synergistic effects of all its active ingredients.
In addition, the current study first investigated the metabolic effects of YQBS on neurotransmitters in the hippocampus of
diabetic rats using metabolomics techniques. The analysis showed that the metabolites of the diabetic rats were
significantly different from those in the normal rats, importantly, YQBS showed therapeutic effects on neurotransmitters
in the hippocampus of diabetic rats.

The noradrenergic system is closely related to the nervous system and plays an important role in different ways, such
as selective attention, memory storage and extraction.’®>° A retrospective study of patients with Alzheimer’s disease
showed an association between cognition level and norepinephrine levels in the plasma and cerebrospinal fluid.*® The
elevated norepinephrine levels in the plasma might result from the overproduction of norepinephrine in the central
nervous system, which might destroy the blood—brain barrier and lead to the flow of norepinephrine from the brain into
the bloodstream along with the cerebrospinal fluid.*> Many studies have shown that the abnormalities in the structure and
function of noradrenergic neurons are associated with the pathology of Alzheimer’s disease, such as tau
phosphorylation.*>*! However, the reports on the amount of norepinephrine in the brain are controversial, some reports

2142 while others suggested

suggested that reduced levels of norepinephrine were associated with cognitive impairment,
that unchanged or increased levels of norepinephrine were more related to cognitive impairment.*"****> One of the
current claims is that, in the early stages prior to the onset of neurological diseases, such as Alzheimer’s disease, the
abnormal and compensatory hyperactivation of the nucleus coeruleus leads to an overproduction of norepinephrine in the
cerebral cortex.***® This is consistent with our current results that norepinephrine levels increased in diabetic rats and

then decreased after treatment with YQBS.
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Meanwhile, current results showed that YQBS could increase levodopa content in the hippocampal tissue of diabetic
rats, supporting a positive effect on memory cognition. Several randomized double-blind clinical studies have shown the
beneficial effects of levodopa on word memory.*”*’ The neurotransmitters measured in the current study can be enriched
with tyrosine metabolism, suggesting that YQBS may be able to improve cognitive impairment in rats by regulating the
metabolic process of tyrosine. In addition, data in this study also enriched tryptophan metabolism, which is closely
related to human learning and cognitive functions. In the case—control study, tryptophan pathway metabolites were
increased in the cerebrospinal fluid of Alzheimer’s disease patients compared to healthy subjects.’® In humans,
tryptophan metabolism consists of both 5-hydroxytryptophan and kynurenine pathway metabolism, with the majority
of tryptophan resulting in kynurenine and only a small fraction, about 1%, of tryptophan, forming 5-hydroxytryptamine
(5-HT).>! In the 5-HT pathway, tryptophan is catalyzed to 5-hydroxytryptophan (5-HTP) through tryptophan hydro-
xylase, which leads to the formation of the neurotransmitter 5-HT. Therefore, the increased dose of YQBS may improve
the cognitive function of rats through the 5-hydroxytryptamine pathway.

However, a couple of limitations in the current study were also noted. First, it was suggested that the cognitive
disorders of diabetic rats were observed after 8-, 10-, and 12-weeks induction,'! and the cognitive function also needs to
be further evaluated after a longer time of diabetic induction. Second, more parameters of MWM, such as the swimming
speeds and time spent to find the platform during the four-day test, need to be assayed to comprehensively evaluate the
cognitive function. Third, the swimming speeds and time spent in the quadrants in the pool without platform also needs
to be evaluated on the following day after the 4-day test.

Conclusions

In conclusion, the present study demonstrates that the hybrid medicine formula YQBS could significantly improve
memory-cognitive impairment in diabetic rats as well as improve the pathological alterations in the hippocampal region
in the brains of diabetic rats. Analysis of the metabolomic results showed that the expression of noradrenaline
hydrochloride was down-regulated and the expression of levodopa and 5-hydroxytryptophan was up-regulated in the
hippocampal tissues of diabetic rats treated with YQBS. These findings suggest that YQBS has a protective effect on
diabetic cognitive dysfunction and that tyrosine metabolism and tryptophan metabolism may be one of the mechanisms
by which YQBS improves diabetic cognitive dysfunction.
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